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Formation and Structure of
C-8-Oxo/Aryl-Guanine Adducts in DNA
Wai-Ming Yau
ABSTRACT

In biology and medicine, free radicals are now of intense interest because they have
been shown to be involved in many different aspects of metabolism, ranging from oxygen
consumption and autocatalysis to xenobiotic metabolism. Formation of free radicals in
various systems may contribute to diseases and degenerative processes. Free radicals attack
guanine in DNA to give 8-substituted guanine derivatives including C-8-oxo-2’deoxyguanosine (oG) and C-8-aryl guanine derivatives via hydroxy and aryl radicals,
respectively. The work to be described herein resulted from studies of both adducts in
relation to carcinogenesis and other pathogenesis.
This dissertation is divided into five chapters. Chapter I investigates a novel route for
chemical synthesis of the oG derivative for automated DNA synthesis. These investigations
were carried out in order to improve the efficiency and the reaction yield of the oG
derivative. The new route is based on a novel synthetic method for the preparation of oG
from dG. Chapter II describes an investigation into conformational changes in DNA resulting
from oG:G mismatches in DNA. The stability of this mismatch was examined. The effects
of the oG:G mismatches on the structure of telomeric DNA is described in Chapter HI.
Based on the results in Chapter II, an oG:G mismatch is expected to disrupt the normal
structure of telomeric DNA and this was found here. This result supports our hypothesis that
the genotoxicity of oG may be related to the genomic instability caused by the introduction of
- xv -
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an oG into a normal G-quartet structure. C-8-Aryl guanine and its derivatives of four
arenediazonium ions have been examined to probe for mechanism of genotoxic potency of
arenediazonium ions in Chapter IV. The formation of aryl radicals from arenediazonium ions
and the formation of C-8-aryl-guanine adducts were demonstrated. In addition, adduct
formation could be correlated with their arenediazonium ion genotoxicity. In our
investigations of oG and C-8-aryl-guanine adducts, NMR spectroscopy was heavily relied
upon since it is a powerful technique for studying molecular structure and dynamic
interaction. In Chapter V, we discuss several NMR techniques and their applications to our
problems. This investigation supports further work on NMR applications.

- xvi -
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CHAPTER I
A Novel Approach to Preparation of the
C-8-Oxo-2’-Deoxyguanos!ne Derivative
SUMMARY

We are investigating the conformational and structural effects on short
oligonucleotides and/or telomeres caused by the substitution of the mutagenic base C-8-oxo2’-deoxyguanosine (oG), formed as a result of oxidative damage to DNA. We attempted to
develop a new route for synthesis of the oG derivative. The new route is based on a novel
synthetic method for the preparation of oG from 2’-deoxyguanosine (dG). It involves C-8
lithiation or Grignard reagent of the rerr-butyldimethylsilyl or triisopropylsilyl ether derivative
of dG with LDA or Grignard reagent at -78°C followed by oxygenation. This approach
required a selection of an oxidizing reagent for direct introduction of oxygen into C-8 position
of dG. The reactions of C-8 lithiated or Grignard silylated dG derivative with molecular
oxygen, molybdenum pentoxide/pyridine/ hexamethylphosphoramide (MoOPH), and
dimethyldioxirane were undertaken and the silylated dG derivative was recovered unchanged.
The inefficient oxygenation may be due to a competing electron transfer reaction between the
oxidizing reagents and the organolithium or organomagnesium dG derivative. A more
selective, reactive oxidizing reagent is further investigated for direct conversion of dG into the
desired oG.

-
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-
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LA.) INTRODUCTION

The oxygenation of C8 position of 2’-deoxyguanosine (dG) is readily accomplished by
free-radical chain autoxidations in in vivo or in in vitro (Scheme 1). A direct correlation
between formation of this DNA adduct and carcinogenesis has been clearly shown.1 Thus,
studies on the oxygenadon of carbon-8 (C8) position of dG to form C-8-oxo-2’deoxyguanosine (oG) in vitro and in vivo have grown to constitute a major area of research
over the past twelve years.
Introduction of various leaving groups onto the C8 carbon of purine nucleosides have
been extensively investigated. Examples include the direct introduction of alkyl groups by
means of radical reactions,2 nucleophilic displacement of halogen by cyanide ion or ethyl
sodioacetoacetate,3 C-lithiation,4 palladium-catalyzed coupling of Grignard reagents with 8halogenopurine nucleosides,5 and palladium-catalyzed cross-coupling using trialkylaluminums
with 8-halogenopurine nucleosides6 have been reported. The C-8 hydrogen of 2’deoxyguanosine is considered to be rather acidic and is known to undergo metallation by
lithium diisopropylamide (LDA) or Grignard reagents.7 Therefore, a functionalized hydroxyl
group may be directly introduced into the C-8 position by electrophilic reaction. Such an
approach to introduction of oxygen into C-8 position of 2’-deoxyguanosine has not been
widely investigated. Our aim here was to look for a highly efficient and convenient one- or
two-step conversion of dG or 8-bromo-2’-deoxyguanosine (8-Br-dG) into the key
intermediate, oG (Scheme 2).
Several attempts to introduce oxygen atoms indirectly into C8 position of dG have
been investigated. For example, acetylation of the 3\5’-OH groups of the 8-Br-dG followed

-

2

-
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Scheme 1. Oxygenation of the C8-position of dG by free-radical chain autoxidation.
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Scheme 2. An efficient conversion of dG or 8-Br-dG derivative into oG key intermediate.
RM is either LDA or RMgBr and [OJ is an oxygenating reagent.
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by the substitution of the 8-bromo function with sodium acetate in acetic acid gave oG in a
very low yield (12%) for the two steps (Figure l).8 The low recovery of oG was likely due
to the acetic acid mediated depurination of the fully acetylated 8-Br-dG. Roelen, et al used
the more acid stable 8-bromo-guanosine (8-Br-G) as the starting compound for the preparation
of oG (Figure 2).9 First acetylation of 8-Br-G followed by treatment of the fully acetylated
8-bromo derivative with acetic acid in the presence of sodium acetate gave the acetylated 8oxo-guanosine derivative in 84% yield. Treatment of 8-oxo-guanosine with
diphenylcarbamoyl chloride afforded the homogeneous 0-6,N-7-bis(diphenylcarbamoyl)
derivative in 84% yield. Selective O-deacetylation of bis(diphenylcarbamoyl) derivative with
potassium n?/?-butoxide, subsequent 3’ and 5’ protections of the 2 \3 \5 ’-triol intermediate
with l,3-dichloro-l,l,3,3-tetraisopropyldisiloxane, deoxygenation of the 2’-hydroxyl by
reaction of silyl derivative with phenyl chlorothionocarbonate, tri-n-butyltin hydride and
catalytic azo-bis(isobutylronitrile), and fluoride ions gave oG in overall 23% yield. This
approach is far from satisfactory in view of its inefficiency and number of steps.
In a second approach, 8-Br-dG was reacted with sodium benzyloxide in dimethyl
sulfoxide at 65°C for 18 h and the resulting solution was neutralized with acetic acid to afford
8-benzyloxy-2’-deoxyguanosine (8-BzO-dG). oG was then obtained by catalytic
hydrogenation (10% Pd/C) of 8-BzO-dG in MeOH-H20 (1:1) in overall 28% yield (Figure
3).10 An attempt to improve the yield of the preparation of 8-BzO-dG was to first remove
almost all of the reaction solvent, dimethyl sulfoxide, by vacuum distillation at 55-60°C and a
work-up procedure using acetic acid to neutralize the solution and ether and acetone to
precipitate the product." The final product was obtained only in slightly improved yield

-5-
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Figure 1. 8-Br-dG was acetylated by acetyl anhydride and sodium acetate. Subsequent to
cleavage of the O-Ac bond, 2-N-3,-0,5’-0-u*iacetyI-8-oxo-2,-deoxyguanosine was obtained
12% yield.
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Figure 2. 8-Br-dG was first acetylated and treated with acetic acid in the presence of sodium
acetate to give 8-oxo-guanosine derivative. After diphenylcarbamoylated (DPC), the
bisfdiphenylcarbamoyl) derivative was O-deacetylated selectively and subsequently protected
by l,3-dichloro-l,l,3,3-tetraisopropyIdisiloxane (TIPS). The oG was obtained by
deoxygenation with phenyl chlorothionocarbonate (PhOC(S)Cl) in the presence of 4dimethylaminopyridine (DMAP) and subsequently with tri-n-butyltin hydride and catalytic
azobis(isobutylronitrile).
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Figure 3. Synthesis of oG by reaction of 8-Br-dG with sodium benzoxylate and then
hydrogenation over palladium-on-charcoal (Pd/C).
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(30%).

The low yield of oG may be due to the acetic acid mediated depurination of the 8-

BzO-dG.12 Thus, this method is still far from satisfactory with respect to its poor yield,
and/or the scope.
Several direct methods for the conversion of enolates into a-hydroxycarbonyl
compounds are known. The classical method is direct enolate oxygenation with subsequent
reduction of the hydroperoxide.13 A more versatile method is the reaction of enolates with
MoOj-Py-HMPA (MoOPH, Figure 4) developed by Vedejs.14 This technique is very
sucessful with carbonyl compounds having a-methylene or a-methine groups. Similarly,
Murray and Jeyaraman have utilized dioxirane (Figure 4) for the direct oxidation of a variety
of substrates under quite mild conditions.15 Since our aim here is to look for a highly
efficient and convenient one- or two-step conversion of dG or 8-Br-dG into the key
intermediate, oG, the above direct methods for conversion of enolates into a-hydroxycarbonyl
compounds were investigated for transformation of dG into oG.

I.B.) RESULTS AND DISCUSSION
The synthetic procedure envisioned for the preparation of oG from dG or 8-Br-dG is
first preparation of a lithiated or Grignard type reagent of dG in C8 position, and then
conversion of organolithium or organomagnesium bromide into their corresponding oxo
derivatives (Scheme 2). Potential problems in the oxygenation of dG or 8-Br-dG include the
lability of the glycosidic bond and the difficulties in aqueous work-up procedure. dG and 8Br-dG are barely soluble in non-polar solvents and their glycosidic bonds readily undergo

-9-
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Figure 4. Structures of Mo05-Py-HMPA (MoOPH) and Dimethyldioxirane. Where MoOs
molybdenum pentoxide, Py is pyridine, HMPA is hexamethylphosphoramide and Me is
methyl group.
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acid-catalyzed hydrolysis. In addition, reaction conditions, such as temperature,
concentration, reaction time, addition method (normal verse inverse additions), and
stoichiometry variables, may be critical in the synthesis of the 8-substituted dG derivative.
Use of acid-labile protecting groups, such as 3 \5 ’-0-bis-rm-butyldimethylsilyl
(TBDMS) or triisopropylsilyl (TIPS), to protect hydroxyl groups confers the desired solubility
properties and the extreme stability towards the strongly basic reaction conditions. They can
also be readily removed under neutral conditions with fluoride anion. Their preparation is
simple as follows: Treatment of dG or 8-Br-dG with excess TBDMS or TIPS chloride (3
equiv) in N,N-dimethylformamide (DMF) containing imidazole (5 equiv) at room temperature
overnight gives the corresponding 3 \5 ’-bis-0-TBDMS (or TIPS) dG derivative in quantitative
yield.

I.B.l.) PRELIMINARY STUDIES
Preparations of the C8-lithiated derivative or C8-Grignard reagent of dG and 8-Br-dG,
respectively, were accomplished by the following procedure:16 (i) The silylated dG derivative
in tetrahydrofuran (THF) was added to a THF solution of LDA (5 equiv) at -78°C for 1.5 hr.
Lithiation was confirmed by the addition of CD3OD and the resulting deuterated product, 8-d2’-deoxyguanosine, was obtained (Figure 5), (ii) When the silylated 8-Br-dG derivative was
reacted with THF solution of LDA (5 equiv) at below -78°C for 1.5 hr and then quenched
with water, the halogen-lithium exchange reaction was found as the resulting silylated 2’deoxyguanosine derivative was isolated, (iii) The silylated 8-Br-dG (5 0 mmol) was
added dropwise with stirring under nitrogen to the magnesium/THF suspension. The reaction
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Figure 5. Synthesis of 8-d-3\5’-bis-0-TIPS-2’-deoxyguanosine where TIPS is 1,1,3,3tetraisopropyldisiloxane.
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was allowed to proceed at room temperature and complete dissolution of magnesium was
taken as an indication of complete formation of the Grignard reagent. After the formation of
Grignard reagent, the reaction was quenched with water. The resulting silylated dG derivative
was collected in high yield.
Treatment of the C-8 lithiated or Grignard dG derivative with electrophiles was next
investigated. Methylation at the C-8 position of dG was first carried out (Figure 6). When
the lithiated and silylated dG derivative was stirred with CH3I (5 equiv) for 2 hr at -40°C and
the reaction was quenched with methanol, the N-2-dimethyI-3’,5’-bis-0-TIPS-8-methyI-2’deoxyguanosine was isolated by chromatography on silica gel in good yield (55%). Thus, it
was simultaneously methylated at the N-2 and C-8 positions in the reaction. This reaction
indicated that the C-8 hydrogen was acidic enough to undergo hydrogen-lithium exchange
reaction and be alkylated. It was noteworthy that the lithiation reaction by LDA worked with
such a polar substrate as 2’-deoxyguanosine and there was no need for using more basic and
expensive lithiating agent such as lithium 2,2,6,6-tetramethylpiperidide. Throughout the
studies here, five equivalents of LDA were used for the C-8 lithiation.

I.B.2.) OXYGENATION STUDIES WITH OXYGEN
Adam and Cueto demonstrated that direct a-lithiation of aromatic acetic acids by nbutyllithium in THF at -40°C afforded essentially quantitatively lithium alithiocarboxylates.17 Through a solution of the a-lithiocarboxylate in THF was bubbled of
dry oxygen gas by means of a stainless steel capillary at room temperature. This procedure
afforded good yields of the respective a-hydroxy acids. Reaction with molecular oxygen at

- 13 -
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Figure 6. Synthesis of N-2-dimethyl-3\5’-bis-0-TIPS-8-methyl-2’-deoxyguanosine where Mel
is methyl iodide.
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dry ice temperature, by inverse addition, was an excellent method for the preparation of ahydroperoxy acids derived from arylacetic acids.
This method was applied here. After preparation of the C8-lithiated silylated 2’deoxyguanosine solution in THF, a stream of dry air was rapidly passed through the solution
with magnetic stirring at 0°C for 10 hr. The reaction temperature and reaction time were
considered in this experiment. The reaction mixture was then quenched by water and after
the routine work-up procedure, only dG could be isolated. Direct C8-oxygenation of the C8lithiated and silylated dG with dry air, at either room temperature or dry ice temperature, was
not detected. This may be due to the fact that either molecular oxygen in the air is not
electrophilic enough to attack the C-8 lithiated dG or other elements such as nitrogen in the
air exert detrimental effects on the oxygenation of the lithiated silyl dG derivative.
Alternatively, the failure of the oxygenation to occur may be due to a competing electron
transfer reaction between the lithiated dG derivative and molecular oxygen (Figure 7). In
addition, molecular oxygen is considered to be a relatively small and soft electrophile and the
oxygenation of the lithiated and silylated dG derivative may require stronger electrophiles,
such as molybdenum pentoxide/pyridine/hexamethylphosphoramide (MoOs.Py.HMPA,
MoOPH) or dioxirane.

I.B.3.) OXYGENATION STUDIES WITH MoOPH
Vedejs showed that molybdenum peroxides behaved as electrophilic oxygen donors
and transfer only one of the peroxidic oxygens.I8-19,20 Anionic species such as aryllithium
reagents react rapidly with MoOPH at temperatures below 0°C, resulting in C-0 bond

- 15 -
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Figure 7. Radical formation of C8-metallated-2’-deoxyguanosine via electron transfer.
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formation.21
In our experiments, all reaction factors including temperature, concentration, reaction
time, addition method such as normal and inverse additions, and stoichiometry variables were
monitored. Here we make the following definitions. Inverse addition: The silyl dG
derivative was added to a 5-10% excess of lithium diisopropylamide (LDA) in THF-hexane at
-78oC. The lithiated reagent was then introduced, dropwise, into a solution of MoOPH (1.5
equiv) in dry THF (10 ml). Normal addition: The silylated dG or 8-Br-dG in 10 ml of dry
THF was added, dropwise, into the cool LDA or into the magnesium turning in dry THF,
respectively. An excess of crystalline MoOPH (1.50 mol) was then added at once to the
organolithium or organomagnesium reagent.
When the sparingly soluble reagent had dissolved, the reaction was quenched with
saturated aqueous sodium sulfite. Sodium sulfite reduces unreacted Movl species, produces
water-soluble salts, and facilitates recovery of organic products. Even though all reaction
factors were varied, for example, reaction temperature ranging from -78° to 0°C, the
concentration of MoOPH varying from 1.05 to 3 equiv, or reaction time allowing from 4 to
24 h, the only product formed was dG.
The lithiated or Grignard reagents of the silylated dG or 8-Br-dG seem unreactive
toward MoOPH oxygenation and cannot be hydroxylated with MoOPH in practical yield. As
in the case of the molecular oxygen, the failure to observe a reaction with MoOPH may also
be due to the competition of electron transfer reaction between MoOPH and dG derivative
(Figure 7). In addition, partial decomposition of MoOPH or the chelation of dG derivative
with MoVI may cause the inefficient oxygenation.

- 17 -
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I.B.4.) OXYGENATION STUDIES WITH DIMETHYLDIOXIRANE

Dimethyldioxirane22 has been shown to be a mild selective oxidant converting enol
ethers,23 Y-methylene-y-butyrolactones,24 sugar-derived dihydropyrans,25 a,(3-unsaturated
ketones, esters and acids,26 enol silyl ethers,27 and uracil and pyrimidine.28 The
oxygenation by dimethyldioxirane can also be performed under strongly basic conditions.
Normal and inverse addition procedures were used in the oxygenation by
dimethyldioxirane. In normal addition procedure, the solution of the silylated compounds in
dry THF (10 ml) was added dropwise into the cool LDA in dry THF. An excess of
anhydrous dimethyldioxirane in acetone solution (1.50 mol) was then added at once at -78°C.
The reaction was stirred for 10 h and quenched by addition of water (10 ml). In the inverse
addition procedure, after allowing the lithiating reagents to generate, the mixture was
transferred dropwise to an anhydrous dimethyldioxirane in acetone at -78°C. After 10 h, the
mixture was quenched at -78°C with water (10 ml).
Direct oxygenation of the C8-Iithiated and silylated dG derivatives with
dimethyldioxirane is not satisfactory as oG was not formed. Since dimethyldioxirane was
prepared in the solution of acetone, it is possible for the competing electron transfer between
the dG derivative and acetone (Figure 7). Electron transfer reaction with acetone may be
more rapid than reaction with dimethyldioxirane. In addition, the C8-oxygenation with
dimethyldioxirane may require longer reaction times than used here.29

Finally, 2-t-

Butylperoxy-l,2,3-dioxaborolane was used for the oxygenation of the C8-dG derivative in a
manner similar to the preparation described above. After the lithiating reagent was formed at
-78°C, the mixture was allowed to warm to 0°C. The crystalline dioxaborolane was then
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added at once. The reaction was allowed to proceed for 10 h. No significant amount of the
desired product was detected.

I.C.) FUTURE STUDIES

Several direct oxygenation methods were used for conversion of organolithium or
organomagnesium dG derivative into oG including direct bubbling of molecular oxygen,
MoOPH, and dimethyldioxirane. However, the desired product, oG derivative, has not been
explicitly detected. It is possible that electron transfer occurs between the oxidizing reagents
and the organolithium or organomagnesium dG derivative (Figure 7). If so, the molecular
oxygen, MoOPH or acetone, will receive an additional electron to form a super-peroxide or
its derivatives and a radical form of dG derivative. It is extremely important for future
investigations of the direct oxygenation of dG derivative to determine whether the C8-radicaI
of dG derivative is formed or the anion species lacks sufficient nucleophilicity to react with
electrophilic sources of oxygen. This could be investigated by ESR.
However, the problem seems to be not in the low reactivity of the C8 hydrogen since
reactions with H20 , CD3OD, and CH3I are observed. The probem appears to be specific to
the reaction with oxygen atoms at the C8-M (where M = Li or MgBr) bond of dG since dG
was found in each case that indicated formation of organometallic intermediates by a
transmetallation reaction and formation of C8-methylation as well. Thus, a more reactive
peroxide must be chosen.
Oxygenation of borane compounds with hydrogen peroxide may be the choice for dG

- 19 -
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derivative. The reactions of organic halides with diborane in THF in the presence of lithium
or sodium metal give organoboron compounds by a transmetallation process in good yield.
The resulting organoboron intermediate can be oxidized by hydrogen peroxide (30%)
afforded the corresponding alcohol in high yield.30 Hydrogen peroxide is a strong oxidant
and appears to have great potential for our purposes. A related, less expensive modification
may use trimethyl borate instead of diborane to prepare organoboron intermediates. The
reaction of the organoboron silylated 8-Br-dG derivative with hydrogen peroxide should give
oG. Again, the major problem is the lability of the glycosidic bond because work-up with
acid is required.
A more selective, reactive organic peroxide (than dimethyldioxirane), such as
methyl(trifluoromethyl)dioxirane, may be an alternative for the oxygenation. The oxidation of
1,3-dimethyluracil with dimethyldioxirane gave a mixture of three products26.
Methyl(trifluoromethyl)dioxirane is another alternative O-atom insertion agent allowing
efficient oxyfunctionalizations of saturated hydrocarbons in methylene chloride/1,1,1 -trifluoro2-propanone under extremely mild conditions at temperatures ranging from -25° to 5°C.31
Its outstanding reactivity exceeds many times that of dimethyldioxirane and permits the fast
and selective conversion of alkanes into alcohols in high yields.
Another alternative for oxygnation may be to use the oxaziridine reagents developed
by Davis et al. For example, (-)-(camphorylsulfonyl)oxaziridine-mediated asymmetric
hydroxylation of the lithium enolate of racemic 3-methylvalerolactone afforded (2S,3R)-(-)verrucarinolactone in 60% yield.32
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I.D.) EXPERIMENTAL

Materials: Chemicals, including rerr-butyldimethylsilyl chloride, triisopropylsilylchloride,
Magnesium turnings, MoOPH, potassium monoperoxy sulfate were purchased from Aldrich
Chemical Co (Mikwaukee, WI). Phenanthroline and sodium bicarbonate were purchased from
Fisher Scientific Co (Fair Lawn, NJ). Magnesium sulfate was obtained from Mallinckrodt
(Paris, KY). Potassium Iodide was purchased from Allied Chemical Co (Morristown, NJ).
Sodium bisulfite was obtained from Baker Chemical Co (Phillipsburg, NJ). All solvents were
purchased from Fisher Scientific (Pittsburgh, PA). 2’-Deoxyguanosine was purchased from
United States Biochemical Co (Cleveland, OH). lH and l3C NMR spectra were measured on
a Varian Gemini 300 broadband NMR. The proton and carbon assignments of products were
made based on two-dimensional COSY and HETCOR data.

I.D.l.) General Silvlation Procedure. dG and 8-Br-dG were silylated by the following
procedure.33 To a solution of either dG or 8-Br-dG (1 equiv) and imidazole (5 equiv) in dry
DMF (2.5 ml/mmol of nucleoside) is added rm-butyldimethylsilyl chloride (3 equiv) or
triisopropylsilylchloride (3 equiv). The reaction mixture was stirred at room temperature for
24 hr, concentrated to dryness in vacuo, and chromatographed (silica gel, 10% /-BuOH in
CH2Cl2) to remove the imidazole/imidazole hydrochloride. The fractions containing the
silylated nucleoside were combined and rechromatographed by chromatotron (silica gel,
hexane/EtOH (13:1)). The silylated nucleosides were characterized by IR, NMR, MS, and
UV and their spectral properties were entirely consistent with the assigned product.
Representative spectral information is provided below.
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3’£ ’-0-Bis(triisopropylsilyl)-2’-deoxyguanosine. ‘H NMR (CDC13) 8 1.02-1.06
(42H, m, (CH^CH-Si), 2.36 (1H, m, H-2"), 2.55 (1H, m, H-2’), 3.83 (2H, d, J=3.9 Hz, H-5’,
H-5"), 4.03 (1H, m, H-4’), 4.71 (1H, m, H-3’), 6.04 (2H, bs, NHj), 6.23 (1H, dd, J=5.9 Hz,
H -l’), 7.77 (1H, bs, H-8), 12.01 (1H, bs, Nl-H); ,3C NMR (CDC13) 8 12.95, 13.17
((CH3)2CH-Si), 19.04 ((CH^jCH-Si), 42.33 (C-2’), 64.56 (C-8), 73.66 (C-3’), 84.80 (C -l’),
89.43 (C-4’), 118.6 (C-5), 136.80 (C-8), 152.7 (C-4), 154.50 (C-2), 160.3 (C-6); UV (EtOH)
X nm (log e), 255 (4.26).
3’,5’-0-Bis(ferf-butyIdimethylsilyl)-2’-deoxyguanosine. ‘H NMR (CDC13) 8 -0.02,
0.01 (6H, 6H, s, (CH^-Si), 0.81 (18H, s, (CH^-Si), 2.21 (1H, ddd, J=3,6,13 Hz, H-2”), 2.39
(1H, m, H-2’), 3.65 (2H, m, H-5’, H-5"), 3.85 (1H, m, H-4’), 4.46 (1H, m, H-3’), 5.64 (2H,
bs, NHj), 6.13 (1H, t, J=6 Hz, H -l’), 7.64 (1H, bs, H-8), 10.64 (1H, bs, Nl-H).
3’^ ’-0-Bis(triisopropylsiIyl)-8-bromo-2’-deoxyguanosine. ‘H NMR (DMSO-d6) 8
0.99-1.08 (42H, m, (CR,)2CH-Si), 2.20 (2H, m, H-2’), 3.56-3.74 (2H, m, H-5’), 3.86 (1H, m,
H-4’), 4.69 (1H, m, H-3’), 6.19 (1H, d, J=6.6 Hz, H -l’), 6.31 (2H, bs, NH,), 10.79 (1H, bs,
Nl-H); 13C NMR (DMSO-cU 8 11.34, 11.57 ((CH3)2CH-Si), 17.80 ((CH^jCH-Si), 36.00 (C2’), 63.33 (C-8), 72.77 (C-3’), 85.00 (C -l’), 87.66 (C-4’), 118.60 (C-5), 120.97 (C-8), 152.16
(C-4), 153.29 (C-2), 155.49 (C-6).
3’^ ’-0-Bis(te/t-butyIdimethylsilyl)-8-bromo-2’-deoxyguanosine. lH NMR (DMSO<u 8 -0.02, 0.10 (6H, 6H, s, (CH^-Si), 0.82, 0.88 (9H, 9H, s, (CH^-Si), 2.14 (2H, m, H-2’),
3.40 (2H, m, H-5’), 3.70 (1H, m, H-4’), 4.58 (1H, m, H-3’), 6.14 (1H, t, J=6.9 Hz, H -l’),
6.45 (2H, bs, NHj), 10.88 (1H, bs, Nl-H).
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I.D.2.) Titration of LDA. Menthol (0.312 g, 2 mmol) was dissolved in dry THF (5 ml) under
nitrogen at -11

and a few crystals of anhydrous phenanthroline were added. The stock

solution of LDA was then added dropwise by syringe until the pale yellow color of lithium
menthoxide phenanthroline changed to the characteristic rust color of LDA-phenanthroline.
General lithiation bv LDA. LDA solution (1.05 mmol, 2.0M) in a dry flask with a
nitrogen atmosphere was cooled at dry ice temperature and a solution of the silylated dG or
8-Br-dG (1.00 mmol) in 10 ml of dry THF was added dropwise over 5 min. After 1 hr
stirring at a dry ice temperature, the solution was warmed to the desired temperature {-11° to
0°C) for oxygenation.

I.D.3.) Reaction with C H J
N-2-dimethyl-3’,5’>bi-C)-TIPS-8-methyl-2’-deoxyguanosine. The lithiated silylated
dG derivative prepared as described above was stirred with CH3I (5 equiv) for 2 hr at -40°C
and the reaction was then quenched with methanol. The solvent was removed in vacuo, the
residue dissolved in methylene chloride (50 ml), washed with water (5 ml) and the aqueous
layer back extracted with methylene chloride (2 x 10 ml). The combined organic extracts
were dried over magnesium sulfate, filtered, and concentrated in vacuo. Preparative TLC
separation in methylene chloride:methanol (5:1) gave N-2-dirnethyl-3\5’-bi-0-TIPS-8-methyl2’-deoxyguanosine in good yield (55%). lH NMR (dmso-d6) 8 1.02-1.08 (42H, m, (CH,),CHSi), 1.93 (1H, m, H-2"), 2.12 (1H, m, H-2’), 3.20 (3H, s, C8-CH3) 3.79, 3.84 (2H, m, H-5\
H-5"), 4.00 (1H, m, H-4’), 4.69 (1H, m, H-3’), 6.23 (1H, dd, J=5.5 Hz, H -l’), 7.22 (2H, bs,
NHj), 11.15 (1H, bs, Nl-H).
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I.D.4.) Oxygenation with Oxygen: (i) Normal addition. The C8-lithiated silyl 2’deoxyguanosine was prepared in THF and dry air rapidly bubbled through by means of a
stainless steel capillary while stirring magnetically at 0°C for 10 hr. The reaction was
quenched by addition of H20 (10 ml) and THF was removed by rotoevaporation. Extraction
with methylene chloride (4 x 20 ml), drying of the combined methylene chloride extracts over
anhydrous magnesium sulfate, and rotoevaporation of the methylene chloride gave the
silylated dG only (by NMR). (ii) Inversion addition. A 100 ml round-bottom flask
containing anhydrous THF (50 ml) was cooled to -78°C and saturated with dry air by means
of a stainless steel capillary. With magnetic stirring and continuous bubbling of oxygen, the
C8-lithiated silylated dG was added dropwise over a period of 30 min. After 10 hr of stirring
at -78°C, the reaction was quenched by the dropwise addition of water (10 ml) dropwise.
The reaction was allowed to warm to room temperature, transferred to a separatory funnel,
and extracted with methylene chloride (4 x 20 ml). The combined extracts were dried over
anhydrous magnesium sulfate, filtered and rotoevaporated to dryness. The silylated dG was
recovered unchanged in high yield (by NMR).

I.D.5.) Oxygenation by MoOPH of either Grignard Reagent or Organolithium Reagent
Oxygenation by MoOPH with Grignard reagent: Dry THF (15 ml) and magnesium
turnings (0.12g, 5.0 mmol) were placed in a three-necked flask equipped with a gas inlet tube,
gas outlet tube and a dropping funnel. The silylated 8-Br-dG (5.0 mmol) in THF (5 ml) was
added dropwise with stirring under nitrogen to the magnesium/tetrahydrofuran suspension.
The reaction was allowed to proceed at room temperature until complete dissolution of
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magnesium, taken as an indication of complete formation of the Grignard reagent, occurred.
After the formation of Grignard reagent, the contents of the flask was cooled to -78«C. To
this solution was added powdered MoOPH (5.3 mmol). The reaction was held at -78°C for
10 hr, then warmed to 0°C and water (10 ml) was added with stirring. The contents were
transferred to a separatory funnel, and extracted with methylene chloride (4 x 20 ml). The
combined extracts were dried over anhydrous magnesium sulfate, filtered and rotoevapored to
dryness. The silylated dG was recovered unchanged (by NMR).
Oxygenation by MoOPH with Lithiating reagents: (ii) Normal Addition. A LDA
solution (1.05 mmol, 2.0M) in a dry flask with a nitrogen atmosphere was cooled at dry ice
temperature and a solution of the silyl dG or 8-Br-dG (1.00 mmol) in 10 ml of dry THF was
added, dropwise, over 5 min. After 1 hr, with stirring at dry ice temperature, the solution
was warmed to the desired temperature (-78°C to 0°C) for oxygenation. An excess of
MoOPH (1.50 mmol) was then added at once by means of an L-shaped tube. After the
crystalline MoOPH had dissolved, the reaction mixture was allowed to stir for an additonal 10
hr at -78°C, quenched with saturated sodium sulfite solution (10 ml), warmed to room
temperature, and extracted with methylene chloride (4 x 20 ml). The combined methylene
chloride extracts were dried over anhydrous magnesium sulfate, filtered and rotoevaporated to
dryness. The silylated 2’-deoxyguanosine was recovered unchanged and the structure was
confirmed by NMR. (ii) Inverse Addition. The C-8 lithiated silyl dG or 8-Br-dG was
prepared as above at -78°C in a single-neck flask under a nitrogen atmosphere. A second
flask was charged with MoOPH (1.50 - 2.00 mol/mol of C-8 lithiated dG derivative) in dry
THF (10 ml). After the stirred MoOPH suspension was cooled to the desired temperature (-
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78°C to 0°C), the C-8 lithiated dG derivative was introduced dropwise. After the transfer was
completed, the reaction was allowed to proceed as above and was worked up in the same
way. The silylated 2’-deoxyguanosine was recovered unchanged (by NMR).

I.D.6.) Oxygenation bv Dimethvldioxirane
Preparation of Dimethyldioxirane solution: A 250-ml round-bottomed flask,
containing a mixture of water (20 ml), acetone (13 ml, 0.178 mol), sodium bicarbonate (12
g), and a magnetic stirring bar, was equipped with an addition funnel for solids containing
potassium monoperoxy sulfate (25 g, 0.04 mol) and an air condenser, loosely packed with
glass wool. The exit of the air condenser was connected to the top entry of a highlyefficiency double-jacketed spiral condenser. The bottom exit of the condenser was attached in
succession to a receiving flask (25 ml) cooled by means of dry-ice acetone. While applying a
slight vacuum (ca. 180 Torr, water aspirator), the solid potassium monoperoxy sulfate was
added in one portion with vigorous stirring at room temperature. The yellow dioxiraneacetone solution was collected in the receiving flask.
Assay for Dioxirane Content: A solution of dimethyldioxirane (1 ml) in acetone was
added to a 3:2 mixture of acetic acid-acetone solution (2 ml). Saturated aqueous KI solution
(2 ml) was then added together with some dry ice to deaerate and the resulting mixture was
stored in the dark at room temperature for 10 min. The sample was diluted with water (5 ml)
and three aliquots (1 ml) were titrated with aqueous NajSjC^ (0.001 N) solution, affording a
dioxirane concentration of 0.11 M.
Oxygenation with LDA and Dioxirane: (i) Inverse Addition. The C-8 lithiated
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silyl dG or 8-Br-dG (0.27 mmol) was prepared as above at -78°C in a single-neck flask under
a nitrogen atmosphere. After allowing the C8 lithiated dG derivative to form (around 1 hr),
the mixture was transferred dropwise to a second flask containing fresh anhydrous
dimethyldioxirane solution in acetone (1.4 equiv) also cooled to -78°C. The reaction mixture
was stirred for 10 hr, quenched with water (10 ml) at -78°C and then allowed to warm to
room temperature. The solvent was removed in vacuo, the residue dissolved in methylene
chloride (50 ml), and washed with water (5 ml). The aqueous layer was back extracted of
methylene chloride ( 2 x 5 ml), the combined organic extracts were dried over magnesium
sulfate, filtered and concentrated in vacuo. The silylated 2’-deoxyguanosine was recovered
unchanged (by NMR). (ii) Normal Addition. The C-8 lithiated silyl dG or 8-Br-dG (0.27
mmol) was prepared as above at -78°C in a single-neck flask under a nitrogen atmosphere.
After 1 hr stirring at dry ice temperature, the solution was warmed to the desired temperature
(-78°C to 0°C) for oxygenation. A fresh anhydrous dimethyldioxirane solution in acetone
(1.4 equiv) was then added dropwise. After the transfer was completed, the reaction was
allowed to proceed as above and was worked up in the same way. The silylated 2’deoxyguanosine was recovered unchanged (by NMR).
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CHAPTER II
Stability and Base Pair Structure
of C-8-Oxo-2’-Deoxyguanosine:2’-Deoxyguanosine
Mispair(s) in DNA
SUMMARY

A C-8-oxo-2’-deoxyguanosine (oG) residue, an abnormal DNA base is commonly
found in DNA that has been exposed to ionizing radiation or oxidants. Formation of oG in
DNA can lead to misreading at the lesion and may contribute to or directly cause DNA
mutations or carcinogenesis. Our interest in this base modification focuses on the
conformational changes caused by oG:G mispairs in DNA and their relationship to
misreading. Two duplexes, S’-CCAoGTCA-S’^ ’-GGTGAGT-S’ and
d(CGCoGAATTGGCG), were used to evaluate for the stability of the oG:G mispair in
synthetic DNA by proton NMR and UV absorbance thermal denaturation experiments. The
former duplex is comprised of two oligonucleotides that contain an oG:G mispair as the
central base pair. The latter is self-complementary composed of two oG:G mispairs. We
found that the oG:G mispair located in the central base pair could be formed in the 7-mer
oligonucleotide, 5’-CCAoGTCA-3’:3’-GGTGAGT-5’ but not in the 12-mer oligonucleotide
containing two lesions, d(CGCoGAATTGGCG). The oG:G mispair in the 12-mer
oligonucleotide was less stable in a structural sense because of its higher bending non-bonded
interactions based on computation. The melting temperature for the 7-mer oligonucleotide
containing oG was around 18°C.
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H.A). INTRODUCTION
Recently oxidative damages on 2’-deoxyguanosine, specifically C-8-oxo-2’deoxyguanosine (oG), has attracted considerable attention since it was found to be misread in
DNA by Kasai.34 This abnormal nucleoside residue has been shown to occur as a common
product of oxidative damage by ionizing radiation.35 In addition, a variety of chemical
carcinogens such as ferric nitrilotriacetate, asbestos, etc. can lead to its formation in vitro and
in vivo.36 When oG is incorporated into a DNA template, it is mis-read at the site of
incorporation and adjacent base sites.37 The association of oG with several diseases, such as
rheumatoid arthritis, systemic lupus erythomatosus and several human tumors, has been
demonstrated by the high levels (five times greater than that of controls) of oG found in the
urine of patients with such diseases.38 Thus, it has been suggested that oG, in cellular DNA,
has significant mutagenic potential and may utimately result in carcinogenesis.39,40
Current interest in such abnormal residues has focused on misreading and miscoding
caused by oG,41,42 cellular mechanisms involved in their repair43,44 and conformational
changes produced by its presence in oligonucleotides.45,46 These studies have shown: (i)
oG occurs as the 6,8-diketo tautomer under physiological conditions, (ii) the conformation
about the glycosidic bond is syn, (iii) when incorporated into oligonucleotides and paired with
2’-deoxyadenosine (dA), the base pair has the structure [oG(syn)J:[dA(anti)j with hydrogen
bonding in the base pair occurring between the Hoogsteen edge of oG and the Watson-Crick
edge of dA,45,47 and (iv) when paired with 2’-deoxycytosine (dC) in oligonucleotides, it
forms a Watson-Crick base pair [oG(anti)]:[dC(anti)].46 It has been shown that when oG is
incorporated into oligonucleotides, it appears to retain the 6,8-diketo structure but the
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preferred conformation about the glycosidic bond is variable and dependent on the identity of
its base pair partner.
DNA base pair mismatches can occur in vivo as a consequence of replication errors
and heteroduplex formation in the course of genetic recombination. Replication errors are
attributed to the limited fidelity of DNA polymerase (frequency of occurrence is around 10'5
to 10"4)48 during DNA synthesis and can be corrected by the localized excision from the
newly synthesized strand and re-synthesis using the parental strand as a template.49,50 Such
mismatches are potentially mutagenic or carcinogenic. Repairs of all mismatches that occur
during replication must be executed prior to the next replication cycle to maintain the
integrity of the genetic information. Cellular repair mechanisms require effective recognition
of the mismatch sites prior to base correction. The detection of a mismatch base pair depends
upon its structure, the nature of the adjacent base sequences, and the conformation of the
DNA in the vicinity of the lesion. The repair of all possible mismatches between two strands
has been tested in heteroduplex DNAs of phage X transfecting E. coli.A9 The relative
efficiencies for base-pair mismatches are in the order G:T, G:G, A:C > A:A > G:A, C:C, C:T,
T:T. The repair for G:A and C:T mismatches depends upon the base sequence around the
mismatch site.51
Local conformational changes in DNA are expected when mispairs occur relative to
the correct or normal base pair. Of current interest are the conformational changes caused by
oG:G mispairs in DNA. These conformational changes could result from altered base-pairing
and/or base-stacking properties. The changes are predicted for the following reasons. First, it
has been shown that oG misinstructs DNA polymerase in an in vitro assay to induce a G -> C
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transversion.37 Therefore, the data indicated that oG paired with dG during DNA replication.
Secondly, a minima for the base/base interaction energy exists for the oG:G mismatch that is
close to the energy of the A:T base pair.52,33 The calculated data suggest that the oG:G
mispair is energetically similar to that of A:T and the oG:G mispair may be formed during
DNA replication. Finally, the predominant syn conformation about the glycosidic bond and
the 6,8-diketo tautomeric form of oG are believed to cause the base to resemble and base pair
like thymidine.54 To form a base pair with dG (oG:G), oG can adopt either a syn
conformation with a thymidine-like base pair feature or an anti conformation with a normal
dG look. The former case can produce a G:T-like mismatch55 and the latter case, when
present, has a G:G-like mismatch in the duplex (Figure 8).
Recently the G:G mismatch in duplexes has been studied by Nuclear Magnetic
Resonance (NMR) experiments. Topal and Fresco suggest that the G:G mismatch pairs use
one base in the keto form and syn and the other in the enol form and anti.56 Cognet et al.
show evidence for a [G(anti):G(syn)] mismatch in a non-self complementary undecamer in
which both bases are in the keto form.57 Borden et al. demonstrated that a [G(anti):G(anti)J
conformation was favored in a self-complementary dodecamer in which both bases were in
the keto form even though the base pair was poorly stacked.58 Oda examined the base pair
of inosine (I) and guanine and the data indicated formation of a [I(syn):G(anti)] base pair in a
similar self-complementary dodecamer (Figure 8).59 Hence, the information available from
the NMR experiments is insufficient to determine the conformational changes caused by G:G
mismatches.
The NMR study of oG:G mismatch here was designed to provide not only information
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Figure 8. The proposed hydrogen bonding schemes between G and T, G or I. A.) Wobble
type base pair of G:T. B.) Base pair involving one tautomeric form of G with G. C.) Base
pair of G:I involving the tautomeric form of G.
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about the conformation of oG:G mismatch but additional insight into the dG:dG base pair
mismatch in DNA, too.

H.B.) RESULTS AND DISCUSSION

II.B.1.) SYNTHESIS
To support this study DNA nucleotides containing oG were prepared by automated
DNA synthesis using the phosphotriester method60. The procedure described by Bodepudi11
was used for the preparation of the required 3’-0-[(diisopropylamino)(2cyanoethoxy)phosphino]-5’-0-(4,4’-dimethoxytrityl) derivative of oG (]_, see Figure 9). The
8-bromo-2’-deoxyguanosine (8-Br-dG) was synthesized by reaction of dG with NBromosuccinimide.61 Reaction of 8-Br-dG with sodium benzyloxide in N,N-dimethyl
formamide afforded 8-benzyloxy-2’-deoxyguanosine (8-BzO-dG, 2) and isobutyrylation of the
2-amino group of 8-BzO-dG gave 3. Hydrogenation of 3 over a palladium-on-charcoal
catalyst yielded 4. Reaction of 4 with 4,4’-dimethyoxytrityl (DMT) chloride gave its 5’-0(DMT) derivative 5. Finally, treatment of 5 with 2-cyanoethyl-N,Ndiisopropylphosphoramidite (CEDIP) chloride gave the corresponding 3’-0-CEDIP
phosphoramidite derivative L

II.B.2.) SELECTION OF THE DUPLEXES
The duplexes selected for NMR studies are shown below. The solution conformation
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Figure 9. Synthesis of 3’-0-[(diisopropyIamino)(2-cyanoethoxy)phosphino]-5’-0-(4,4’dimethoxytrityl)-2’-deoxy-8-oxo-guanosine Q). 8-Benzyloxy-2’-deoxyguanosine (2) was
synthesized by the reaction of 8-Br-dG with sodium benzyloxide (PhCH20'N a+) in N,Ndimethyl formamide (DMF). Reaction of 2 with isobutyric anhydride (/Bu anh) and
chlorotrimethylsilane (TMS Cl) in pyridine (Pyr) gave 3. Hydrogenation of 3 over a
paUadium-on-charcoal (Pd/C) catalyst yielded 4. After 4,4’-dimethoxytritylation (DMT) of 4,
treatment of 5 with 2-cyanoethyl-N,N-diisopropylphosphoramidite (CEDIP) chloride gave the
final product L
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of the duplexes were determined by NMR methods.
D7:

5’- C C A oG T C A -3’
3’- G G T G A G T -5’

This duplex was selected because the modified oligonucleotide was a sub-unit of a
template that was mis-read at oG and mis-reading was also observed at the two adjacent
pyrimidine bases during replication.37 This duplex would thus provide the opportunity to
correlate conformational changes caused by the substitution of dG by oG with a biological
aftermath.
A second duplex was selected for the NMR studies and is shown below (D12). The
selection of this dodecamer was based on some NMR studies with similar dodecamer
duplexes containing a dI:dG mismatch in d(CGCIAATTGGCG),, (Dl2a)46 and dG:dG
mismatch in d(CGCGAATTGGCG)2, (D12b).58 These studies and the case with the G:T
mismatch (See Chapter II.A.) suggest that a duplex containing an oG:G base pair should also
form since the efficient annealings of duplexes, suchas D12a and D12b, were observed.
Moreover, the selection of this sequence

would revealinformationconcerning oG:G induced

alterations in base-pair stability/base stacking by comparison to the dG:dG and dI:dG
mismatch results.
D12:

5’- C l G2 C3 oG4 A5 A6 T7 T8 G9 G10 C" G12-3’
3’- G24 C23 G22 G2' T20 T 19 A18 A17 oG16 C15 G14 C13 -5’

II.B.3.) DNA PURIFICATION
DNA synthesis efficiency for both oligonucleotides containing oG were higher than
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90% and the yields of the desired products were excellent. During the final deprotection step
of the DNA synthesis, synthetic oligonucleotides were treated with ammonia solution to
remove the DMT groups from their 5’ position. It was important to add [3-mercaptoethanol
(0.25M) as a special treatment to the ammonia solution to prevent aerial oxidation.
Classical DNA purifications were as follows: First, each oligonucleotide was desalted
by gel filtration on Sephadex G-10, then converted to its sodium salt by an ion exchange
column, and lyophilized. Using these procedure, oligonucleotide recovery was generally low.
More sophisticated methods were applied such as HPLC or TLC and higher purity and
recoveries of oligonucleotides were obtained. However, because of the treatment of synthetic
oligonucleotides with ammonia solution during the final deprotection step of DNA synthesis,
the ammonium salts of oligonucleotides were formed and were isolated by purification by
HPLC or TLC in this form. The ammonium protons were observed at around 7.2 ppm in ‘H
NMR spectrum of D7, in a buffer of 0.1 M NaCl, 10 mM sodium phosphate and 1 mM
EDTA in H20:D 20 (90:10) at 4°C (pH 7.0) (Figure 10). The ammonium protons of
oligonucleotides were problematic for NMR studies because they masked the entire base
proton region (5.5 - 8.5 ppm). Therefore, the ammonium salts needed to be removed and this
was accomplished by overnight dialysis through Spectra/Por tubing.

II.B.4.) NMR AND UV ABSORBANCE THERMAL DENATURATION RESULTS FOR
D7:
The 'H NMR spectrum after dialysis of D7, in a buffer of 0.1 M NaCl, 10 mM
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Figure 10. ‘H NMR spectrum of the S’-CCAoGTCA-S’iS’-GGTGAGT-S’, D7, in a buffer
solution (0.1 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.0) in H20:D 20 (90:10)
at 4°C. The sample was purified by TLC but not dialyzed via Spectra/por tubing. Note the
appearence of the ammonium protons at 7.2 ppm. This enormous broad peak completely
covered the base proton region (6.5 - 8.5 ppm) so that it needed to be removed.
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sodium phosphate (pH 7.0), and 1 mM EDTA in H20:D20 (90:10) at 5°C is shown in Figure
11. Compared with the spectrum in Figure 10, in Figure 11 two additional, broad
exchangeable protons (9.6 - 11.0 ppm) along with more than two different thymidine methyl
groups (0.5 - 1.5 ppm) are shown. The ‘H NMR spectrum (Figure 11) indicates that more
than one duplex was present in the solution of D7. The integral values of the imino protons
at 13.8, 12.9 and 12.6 ppm were 2, 2, and 2, respectively. They corresponded to two A:T,
two G:C and the central oG:G imino protons, respectively, that provided evidence of presence
of the D7 duplex. For this selected duplex, two (or three) thymidine methyl resonances are
predicted to appear at about 1.7 ppm, one (or two) from the two central thymidine methyl
protons and one from the terminal thymidine methyl protons. However, the multiple singlets
in the thymidine methyl region were observed (expanded in the upper insert of Figure 11).
Guanine-rich duplexes are known to self-associate in the presence of monovalent
cation resulting in a planar G-tetrad arrangement, termed G-quartet, and is stablized by
Hoogsteen hydrogen-bonding.62 Hydrogen-bonded G:G imino protons of a G-quartet
characteristically resonate between 9 and 11 ppm and are broader than other imino protons.63
In Figure 11, the two broad exchangeable protons and the multiple singlets in the thymidine
methyl region are seen and are characteristic of a G-quartet formed by the duplex of
(TGAGTGG). Evidently, the G-quartet is not observed when the oligonucleotide, D7, was
examined as the ammonium form (see Figure 10). The formation of G-quartet greatly
depends on the stabilizing effect of certain monovalent cations such as Na+ and K+ in the
cavity at the center of the G-quartet and the ammonium form of the D7 may disturb this fourstranded structure of the G-quartet. This is described in more detailed in Chapter III.
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Figure 11. 'H NMR spectrum of the 5’-CCAoGTCA-3’:3’-GGTGAGT-5\ D7, in a buffered
solution (0.1 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.0) in H20 :D ,0 (90:10)
at 5°C. The assignments for the exchangeable protons at the low field were oG:G, G:C and
A:T, at 12.6, 12.9 and 13.8, respectively. Note that two broad exchangeable protons are
shown in 9.6 - 11.0 ppm and a multiplet-like thymidine methyl protons at 0.5 - 1.5 ppm.
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Nevertheless, the presence of two structures in D7 was confirmed by the melting temperature
(T J experiment.
The Tmexperiment was accomplished by measurement of a series of ‘H NMR spectra
as a function of temperature. The order of the expanded ‘H NMR spectra (9.5 - 14.7 ppm) of
D7 as a function of temperature is plotted in Figure 12. The lH NMR spectrum was recorded
at 5°C increments from 5°C to 60°C. When the D7 was heated to 20°C, a set of imino
signals (10.8, 12.6, 12.9 and 13.8 ppm, respectively) disappeared. It is likely that in the D7
duplex these four signals corresponded to the unpaired NH signal of oG (either N‘H or N7H),
the central oG:G, two G:C and two A:T imino protons, respectively. The next set of imino
signals (10.6 and 11.0 ppm) are observable up to 40°C. Their behavior (such as broadness
and chemical shift) indicate the presence of G-quartet forms of 3’-GGTGAGT-5\61 The
NMR data here explicitly show that the duplex and the G-quartet form coexisted in buffered
solutions of D7 below 20°C. Additional evidence for the presence of both duplex and Gquartet forms of D7 was obtained from the ultraviolet (UV) absorbance thermal denaturation
experiment.
The UV absorbance thermal denaturation experiment was generated by measuring the
UV absorbance maximum at 260 nm as a function of temperature. As the ordered regions of
stacked base pairs of a DNA sample are disrupted by slow heating, the UV absorbance
increases and this increase in absorbance is called hyperchromicity. The resulting profile of
absorbance versus temperature can be constructed. The transition between an ordered, native
double-stranded DNA structure and a disordered, denatured single-stranded structure in a
DNA sample has a remarkably hyperchromic change and is sigmoidal in "_j " shape.
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Figure 12. The exchangeable proton region (10 - 14.0 ppm) of 5’-CCAoGTCA-3’:3’GGTGAGT-5’, D7, in a buffered solution (0.1 M NaCl, 10 mM sodium phosphate and 1 mM
EDTA, pH 7.0) in H20:D 20 (90:10) at the indicated temperatures. The exchangeable protons
in the spectrum occur in the low-fieid region corresponding to H-bonded imino protons in D7.
Note that a set of imino signals designated by -I (10.8, 12.6, 12.9 and 13.8 ppm, respectively)
disappear when D7 is heated to 20°C. They correspond to the unpaired NH signal of oG, the
central oG:G, two G:C and two A:T, imino protons of the D7 duplex, respectively. However,
the imino signals denoted by I (10.6 and 11.0 ppm) remain observable up to 40°C. These
latter signals suggest the presence of G-quartet forms of 3’-GGTGAGT-5\ Note that the
broad exchangeable protons at 11.0 ppm are still present at 60°C. They correspond to all
unpaired imino protons of the denatured D7.
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Nonetheless, a nearly linear increase in absorbance thermal denaturation profile of D7, in
buffered solutions (0.1 M NaCl, 10 mM sodium phosphate, and 1 mM EDTA, pH 7.0) was
observed (Figure 13). No transition point was found in this melting curve so that it suggests
that the unimolecular transition (from duplex to coil) was not dominant in buffered solutions
of D7. The absorbance thermal denaturation curve (Figure 13) is consistent with the NMR
data in regard to the presence of G-quartet forms of D7 in buffered solution.
In summary, NMR data demonstrate that both a duplex and a G-quartet form are
found in buffered solutions of the D7. This is confirmed by the UV absorbance thermal
denaturation experiment.

n.B.5.)NMR AND

UV ABSORBANCE THERMAL DENATURATION RESULTS FOR

D12:

The 'H NMR spectrum of d(CGCoGAATTGGCG), D12, in buffered solutions (0.1 M
NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.0) in H20:D 20 (90:10) at 5°C is
showned in Figure 14. Two broad resonances for imino protons centered at 9.4 and 11.1 ppm
were detected and no narrow resonances centered between 12.5 - 14.0 ppm as were detected
for D12a and D12b under similar conditions. In an ordered, native double-stranded DNA, the
exchangeable and base-paired imino protons would be observed between 12.5 - 14 ppm under
similar conditions. The single, broad imino resonance at around 11.1 ppm indicated that the
D12 did not adopt a structured conformation whereas the imino resonance at 9.4 ppm may
correspond to the unpaired imino proton of oG (either N‘H or N7H). This was confirmed by
the UV absorbance thermal denaturation experiment.
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Figure 13. Absorbance Thermal Denaturation Analysis of 5’-CCAoGTCA-3’:3’-GGTGACT
S’, D7, in a buffered solution (0.1 M NaCl, 10 mM sodium phosphate, and 1 mM EDTA, pH
7.0). The heating rate was l°C/min.
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Figure 14. The ‘H NMR spectrum of d(CGCoGAATTGGCG), D12, in a buffered solution
(0.1 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.0) in H20:D 20 (90:10) at 5°C
where trimethylsilyl tetradeuteriopropionic acid (TSP) was added as internal reference. Note
that only one broad imino proton resonates at 11.1 ppm.
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The UV absorbance thermal denaturation experiment was accomplished by
measurement of UV absorbance maximum at 260 nm as a function of temperature. The
melting profile of absorbance versus temperature of the D12 in a buffer solution (0.1 M NaCI,
10 mM sodium phosphate, 1 mM EDTA, pH 7.0) is shown in Figure 15. As mentioned
above, a typical absorbance thermal denaturation curve for an ordered, native double-stranded
DNA displays a sigmoidal shape whereas a nearly linear increase in absorbance profile should
be observed as the temperature is increased until complete unstacking of the bases occurs. In
Figure 15, an undulated curve is shown in low temperature following an almost straight line
after 20°C.
UV equilibration experiment was performed by monitoring the change of UV
absorbance at 260 nm over 2 h at 10°C (data not shown). The resulting equilibration curve
was an oscillating line whereas an ordered, native double-stranded DNA should show an
almost horizontal line. The absorbance thermal denaturation and equilibration experiments
provide the strongest evidence that the D12 duplex cannot adopt a stable conformation under
these conditions.
Molecular modeling and energy minimization can reveal energy changes in the D12
conformational parameters due to oG:G mispairs at the lesion site. Here, molecular modeling
and energy minimization were used to study the energy changes in the D12 caused by the
oG:G mispairs. The duplex was assembled from a classical B-DNA structure and the
preliminary structure models were as close as possible to classical B-DNA structure. The
only changes made were at the oG:G mispairs. The G:G mispair was initially prepared by
translation of both C9 and C21 into G and the oG:G mispair was produced by conversion of
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Figure 15. Absorbance thermal denaturation analysis of d(CGCoGAATTGGCG) in a buffered
solution (0.1 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.0). The heating rate
was l°C/min.
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G4and G16 into oG. Four possible symmetric G4(16):G21<9) and four oG4<l6):G2l<9) paired
duplexes, anti'.anti, anti:syn, sytv.anti, and syn:syn, were produced by adjusting the appropriate
C l’(sugar)-N(base) glycosidic torsion angles. Thus, a total of nine dodecamers were
investigated. The minimal energy conformation obtained for the D12 with oG:G(syn) mispair
is shown in Figure 16.
The results of the calculations are shown in figure 17 as component energy terms
calculated for d(CGCGAATTCGCG), Q_ in Figures 17 and 18), for each of the four possible
symmetric duplexes containing G:G, (2 - 5. in Figures 17 and 18), and the four oG:G mispairs
(6 - 9 in Figures 17 and 18). After normalization, the percentage of the total energy for each
energy term is obtained (Figure 18). The order for total energies of the G:G mispairs were
antiranti < antirsyn = syn:anti < syn:syn. The G(anti):G(anti) alignment of the mispair is
clearly of lower energy than the other possible conformations and other duplexes in this
study, largely as a consequence of superior van der Waals and electrostatic non-bonded
interactions rather than bending or torsional terms. In contrast, the order for total energies of
the oG:G mismatches were synranti < anti:syn = synrsyn < anti:ant. Total energies for four
oG:G mispair duplexes were higher than those for G:G mispair duplexes as a result of higher
bending non-bonded interactions. The higher bending non-bonded interaction causes the
helical disruption and destabilizes the helical conformation of the D12. Nevertheless, the
higher total energies for oG:G mispaired duplexes suggest that the 12-mers containing
symmetrically oG:G base-pairs are inherently less stable in conformational terms than those
containing G:G mispairs.
In summary, the NMR data demonstrate that the D12 does not adopt double-stranded
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Figure 16. A stereo view of the minimal energy conformation of d(CGCoGAATTGGCG)
with oG:GCsy/i). The two oG:G(syn) lesion sites are designated by <—.
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Figure 17. The six different energy terms calculated by Macromodel for tested duplexes are
shown. The numberings represent as follows: 1 - d(CGCGanUAATTCanliGCG), 2 d(CGCGantiAATTGanliGCG), 3 - d(CGCGantiAATTGsynGCG), 4 - d(CGCGsynAATTGantiGCG), 5
- d(CGCGsynAATTGsynGCG), 6 - d(CGCoGanliAATTGamiGCG), 2 d(CGCoGanUAATTGsynGCG), 8 - d(CGCoGsynAATTGamjGCG), 9 d(CGCoGsynAATTGsynGCG).
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Figure 18. The percentages of each energy term for tested duplexes are obtained by
normalization with each total energy. The numberings represent as follows: i d(CGCGanliAATTCantiGCG), 2 - d(CGCGanliAATTGanliGCG), 3 - d(CGCGanliAATTGsynGCG), 4
- d(CGCGsynAATTGanljGCG), 5 - d(CGCGsynAATTGsynGCG), 6 d(CGCoGanliAATTGanliGCG), 7 - d(CGCoGanliAATTGsynGCG), 8 d(CGCoGsynAATTGantjGCG), 9 - d(CGCoGsynAATTGsynGCG).
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conformation under the conditions used. This is confirmed by UV absorbance thermal
denaturation experiment. The molecular modeling and energy minimization experiments
indicate that the higher bending non-bended interaction of oG:G in the D12 is the cause for a
localized disruption of the helical conformation of the D12.

H.C.) FUTURE STUDIES
It has been shown previously that deoxyguanosine residues in DNA are hydroxylated
at the C-8 position both in vitro and in vivo to produce oG by various agents that produce
oxygen radicals such as chromium (VI) plus glutathione, asbestos plus hydrogen peroxide,
iron (II) plus nitrilotriacetate, 2-nitropropane or ionizing radiation.1 These agents are either
mutagenic or carcinogenic and thus the formation of oG is implied as the cause of mutation
or carcinogenesis. It is of current interest to know the conformational changes caused by
oG:G mispairs in DNA which result from altered base-pairing and/or base-stacking properties
since they may be important for understanding why oG is misread.
The data here indicate a d(CGCoGAATTGGCG) duplex is not formed rigidly and is
inherently less stable in a structural sense. The molecular modeling and energy minimization
studies demonstrate destabilization due to bending non-bonding interaction for the selfcomplementary D12 oligonucleotides. This implies helical disruption due to geometrical
deformations of the B-DNA structure. To overcome this problem, a longer, selfcomplementary oligonucleotide, such as 20-mer, may stabilize an oligonucleotide containing
two or more oG:G mispairs.
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Evidence presented here shows that the D7 duplex can form and also the sequence of
GTGG of 3’-GGTGAGT-5’ can participate in G-quartet formation. It suggests that when
only one oG:G mispair is the central base pair of the non-selfcomplementary oG
oligonucleotide, it does not create as much localized disruption of the base stacking of the
helix and can be efficiently annealed. It may be of interest to investigate whether there are
base sequences that affect duplex stability.
For further investigation of the oG:G mismatch in DNA, the non-self-compiementary
oligonucleotide, (GAGGAGGCACG): (CGTGCoGTCCTC) will be used for several reasons.
First, the corresponding 11-mer oligonucleotide was employed for the conformational studies
of the G:G mispair by Cognet et al..sl The conformational analysis of the oG 11-mer
oligonucleotide can be best compared to those results. Secondly, the lesion of oG:G of the
oG 11-mer oligonucleotide is located in the central base pair and this may decrease the
disruption caused by the oG:G base pair. Finally, the sequence of the oG 11-mer
oligonucleotide does not contain a GTGG or GGG sequence required for G-quartet formation.
The oG:G mispair study here will yield the correlation of the structural and basepairing relationships of oG in DNA with observed mutagenic and/or carcinogenic properties.
Moreover, the study of oG:G mispair may provide additional information about the dG:dG
structure in DNA.

II.D.) EXPERIMENTAL
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Materials: 2’-Deoxyguanosine was purchased from United States Biochemical Corp
(Cleveland, OH). Trimethylchlorosilane, 4,4’-dimethoxytrityl chloride, isobutyric anhydride,
10% Pd/C, 2-cyanoethyl N,N-diisopropylamino chlorophosphite were obtained from Aldrich
Chemical Co (Mikwaukee, WI). Phosphorus pentoxide was purchased from Fisher Scientific
Co (Fair Lawn, NJ). Other normal base phosphoramidites were purchased from Beckman
Chemical Co (Fullerton, CA). N-bromosuccinimide was obtained from Eastman Organic
Chemicals (Rochester, NY). All solvents were purchased from Fisher Scientific (Pittsburgh,
PA) and when necessary, solvents were further purified as follows: DMF, triethylamine and
pyridine were dried over CaH2 overnight and distilled prior to use. Benzene, methylene
chloride, and toluene were boiled over P,05 over 12 h and distilled.
‘H NMR spectra were measured on a Varian Gemini 300, a Unity-500, or a GE
Omega 600 broadband NMR. 13C and 3IP NMR spectra were recorded on a Varian Gemini
300 broadband NMR. The proton and carbon assignments of products were made based on
two-dimensional COSY and HETCOR data. Thin Layer Chromatography (TLC) plates were
purchased from Analtech Co. The oligonucleotide 5’-CCAoGTCA-3\ 3’-GGTGAGT-5’ and
dodecamer d(CGCoGAATTGGCG) were synthesized on an Applied Biosystems synthesizer
380B using solid-phase phosphoramidite chemistry in WVU Biochemistry Core Facility.

Chemical Synthesis: 8-Bromo-2’-deoxyguanosine (8-Br-dG). Bromination of dG was
carried out according to the procedure of Sura and Gannett.54 To a suspension of dG (5 g, 19
mmol) in water (30 ml) was added N-bromosuccinimide (NBS, 5.07 g, 28 mmol). The
solution was vigorously stirred over 15 min. The residue was filtered, washed with water (5
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ml), and then dried over P20 5 in vacuum desicator before use.
8-Benzyloxy -2’- deoxyguanosine (2). N,N-Dimethyl formamide (DMF) (200 ml)
was added to a solution of sodium benxoylate (prepared by stirring freshly distilled benzyl
alcohol (75 ml or 78.4 g, 720 mmol) with very small pieces of sodium (2.14 g, 93 mmol) at
60°C until the solution was homogeneous) under nitrogen. To the resulting mixture was
added 2 (10.0 g, 29 mmol) in DMF (80 ml) and the mixture was heated at 65°C for 24 h and
cooled to room temperature. After neutralization with glacial acetic acid, the bulk (250ml) of
the DMF was removed by vacuum distillation at 65°C (bath temperature). The remaining
solution was then poured slowly into ether (500 ml) with stirring. The ether layer was
decanted and the oily residue remaining was slowly poured into acetone (100 ml). The white
precipitate that formed was filtered and then stirred with water (80 ml) for 0.5 h. The slurry
was filtered and the residue was then recrystallized from MeOH to give 2 in 70% (7.55 g)
yield; TLC Rf 0.20 (MeOH-CH2Cl2, 10:90); mp 201°C (dec.); 'H NMR:8l0.69 (1H, NH, br
s), 7.39 (5 H, aromatic H, m), 6.38 (2H, NH2, s), 6.09 (1 H, H-C(l’), t, J=7.05 Hz), 5.41 (2H,
CH2-Ph, s), 5.20 (1H, HO-C(3’), d, J=4.10 Hz), 4.83 (1H, HO-C(5’),m), 4.24 (1H,H-C(3’),
m), 3.72 (1H, H-C(4’), m), 3.41 - 3.32 (2H, H-C(5’), m), 2.86 and 2.02 (2 H, H-C(2’), 2m);
13C:8 157.06, 154.21, 151.72, 150.99, 139.00, 129.40, 129.19, 129.09, 128.98, 111.62, 88.32,
82.56, 71.94, 71.55.
8-Benzyloxy-N2-isobutyryl-2’-deoxyguanozine (3). To a suspension of 2 (2.20 g,
5.89 mmol) in dry pyridine (40ml) was added trimethylchlorosilane (3.80 ml or 3.25 g, 29.91
mmol). After the solution had been stirred for 15 min, isobutyric anhydride (4.90 ml or 4.67
g, 29.52 mmol) was added and stirring was continued at room temperature for 4 h. The
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mixture was then cooled in an ice bath, water (10ml) was added, followed 5 min later by
ammonium hydroxide solution (5 ml, 27%) at 0°C (bath temperature). After stirring for 15
min, the solution was evaporated nearly to dryness on a rotary evaporator, and the residue
filtered, washed with a mixture of EtOAc-ether (1:1, 1 x 30ml), H20 (2 x 25mi) and
recrystallized from methanol-water. Yield 2.11 g (81%); TLC R, 0.45 (MeOH-CH2Cl2,10:90);
mp 220°C; ‘H NMR: 8 12.03 (1 H, NH, s), 11.52 (1H, NH, s), 7.52-7.31 (5H, aromatic H,
m), 6.21 (1H, H-C(l’), t, J=7.05 Hz), 5.48 (2H, CH2-Ph, s), 5.20 (1H, HO-C(3’), d, J=3.90
Hz), 4.70 (1H, HO-C(5’), t, J=5.55 Hz), 4.26 (1H, H-C(3’), m), 3.72 (1H, H-C(4’), m), 3.443.38 (2H, H-C(5’), m), 2.90 (1H, H-C(2’), m), 2.76 (1 H, CH(Me)2, m), 2.06 (1H, H-C(2’),
m), 1.12 (6H, C-Me,, d, J=6.90 Hz); 13C:8 180.67, 154.56, 153.29, 148.43, 147.84, 136.35,
129.31, 129.22, 129.07, 129.22, 129.07, 115.79, 88.20, 82.57, 71.98, 71.58, 62.78, 36.88,
35.53, 19.69.
7,8-Dihydro-N2-isobutyryI-8-oxo-2’-deoxyguanosine (4). A solution of 3 (1.60 g,
3.61 mmol) was dissolved in the mixture of n-BuOH-H,0 (14:1, 60ml) heated to 55°C and
hydrogenated over 10% palladium-on-charcoal catalyst (0.7 g) at 60 psi hydrogen at -55°C for
12h. The catalyst was removed by filtration, and the solvent was evaporated to dryness in
vacuo to yield pure 4, which was recrystallized from EtOH. Yield 1.2g (95%); TLC R* 0.13
(MeOH-CH2Cl2, 10:90); mp 238-246°C (dec.); ‘H NMR: 8 12.14 (1H NH, s), 11.59 (1H, NH,
s), 11.28 (1H, NH, s), 6.09 (1H, H-C(l’), t, J=6.60 Hz), 5.17 (1H, HO-C(3’), d, 1=2.40 Hz),
4.73 (1H, HO-C(5’), m), 4.37 (1H, H-C(3’), m), 3.75 (1H, H-C(4’), M), 3.59 - 3.44 (2H, HC(5’),m,), 3.07 (1H, H-C(2’), m), 2.74 (1H, CH (Me)2, m), 1.98 (1H, H-C(2’), m), 1.11 (6H,
C-Me,, d, J=8.10Hz).
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7,8-Dihydro-5,-0-(4,4’-dimethoxytrityl)-N2-isobutryl-8-oxo-2’-deoxyguanosine (5).
To a solution of 4 (1.2 g, 3.40 mmol) in dry pyridine (15 ml) cooled in ice-water was added
4,4’ -dimethoxytrityl chloride (1.27 g, 3.74 mmol). The cooling bath was then removed and
stirring was continued at room temperature for 15 min. The reaction mixture was cooled in
ice water and quenched with water (50 ml). The aqueous layer was extracted with CH2C12 (5
x 20 ml), and the combined organic layers were washed with H20 (2 x 20 ml) and dried over
MgS04. The solvent was evaporated under reduced pressure and the crude residue was
purified by chromatography on silica gel using methylene chloridermethanol (4:1) as the
eluting solvent containing 2% triethylamine to inhibit detritylation. The yield of pure 5 was
1.68 g (76%). TLC Rf 0.48 (MeOH-CH2Cl2, 10:90); mp 165-170°C; lH NMR: 5 12.13 (1H,
NH, s), 11.43 (1H, NH, s), 11.24 (1H, NH, s), 7.34-6.76 (13 H, aromatic-H, m), 6.14 (1H, HC (l’), t, J=6.05 Hz), 5.16 (1H, HO-C(3’), d, J=4.50 Hz), 4.44 (1H, H-C(3’), m), 3.91 (1H, HC(4’), m), 3.72 and 3.71 (6H, OCH3, 2 s), 3.32 and 3.06 (2H, H-C(5’), 2m), 2.98 (1H, HC(2’), m), 2.74(1H, CH(Me)2, m), 2.12 (1H, H-C(2’), m), 1.12 (6H, C-Me,, d, J=6.60 Hz).
3’-0-(Diisopropylamino)-2-cyanoethoxyphosphino-7-hydro-5’-0-(4,4’dimethoxytrityl)-N2-isobutyryl-8-oxo-2’-deoxyguanosine (1). To a mixture of 5 (0.58 g,
0.88 mmol; dried over P20 5 in a vacuum desiccator for 24-48 h and then co-evaporated with a
mixture of dry CH2C12 and benzene prior to reaction) and dry E^N (0.22 g, 2.20 mmol) in
dry CH2C12 (5ml) under N,, was added 2-cyanoethyl N,N-diisopropylamino chlorophosphite
(0.25 g, 1.05mmol). Progress of the reaction was monitored by TLC analysis (methylene
chloride-methanol, 4:1 on silica gel). The starting material completely disappeared in 20 min.
and a new, less polar spot, appeared. The CH2C12 was evaporated under vacuum and a
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mixture of dry THF-benzene (1:4, 25 ml) was introduced. The solution was stirred for 5 to
10 min, filtered to remove the EtjN-HCl under N2 and the process then repeated twice using
dry benzene as the solvent. The resultant viscous foamy material, when dried over P20 5 in a
vacuum desicator at room temperature overnight, afforded a quantitative yield of 8. TLC Rf
0.46 MeOH-CH2Cl2-Et3N, 4:95:1); lH NMR: 8 11.75 - 11.13 (3 H, 3 NH, br s), 7.34 - 6.73
(13 H, aromatic -H, m), 6.12 (1H, H-C(l’), dd, J=4.90, 5.10 Hz), 4.61 (1H, H-C(3’), m), 4.03
(3H, H-C(4’) and OCH2, m), 3.71 (6H, OCH3, s), 3.45 (2H, 2 CHN, m), 3.92-3.34 (2 H, HC(5’), m), (2H, CH2CN, t, J=6.00 Hz), 2.63 (1H, CH(Me)2, m), 2.31 (2H, H-C(2’), m), 1.26
(12H, C(Pr)2, dd), 1.15 (6H, C-Me,, dd); 31P NMR (121 MHz, CDC13): 5 146.63 and 146.50
(diastereomeric pair).

Oligonucleotide Synthesis:

Oligonucleotides, including those containing oG, were prepared

by using solid-phase phosphotriester method on an Applied Biosystems synthesizer 380B and
isolated by standard methods except that the oG modified oligonucleotides were removed
from the resin support by means of concentrated ammonia containing 0.25M pmercaptoethanol at 55°C overnight.

Oligonucleotide Purification: Oligonucleotides were purified on either silica gel 60

TLC

plates or by reverse-phase HPLC (Whatman Partisil 10 ODS-1 M9/25, 0.9 x 25 cm). The
oligonucleotides were first dissolved in 100 ul of water and were applied on the plate. After
development with «-propanol/concentrated ammonia/water (55:35:10, v/v), the plates were
dried by blowing off excess solvent with air. The slowest migrating major band observed
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under U.V. light was scraped off the silica gel into an Eppendorf centrifuge tube. The
oligonucleotides were consecutively eluted from the silica gel with a mixture of ethanol and
water (3:1, v/v) in 300 pi, 100 pi and 100 pi volumes, respectively, by soaking for 1 hr each
time, followed by centrifugation and collection of the supernatant. The pure oligonucleotides
were obtained by removal of the solvent.
Preparative HPLC purification for oligonucleotides was performed on Waters System
comprised of a Waters 510 HPLC pump and Waters Automated Gradient Controller. The
oligonucleotides were eluted with a linear gradient of 0.05 M triethylamine acetate (pH 7.0)
containing 10-15% acetonitrile over an hour. The desired oligonucleotides were detected at
260 nm, collected and then lyophilized.
After purification by either HPLC or TLC, each oligonucleotide was dissolved in
distilled water and placed into a Spectra/Por Dialysis Tubing (Spectrum Co.). The ends of
the tubing were sealed by Spectra/Por closures and soaked in distilled water with stirring
overnight. The oligonucleotides were isolated by lyophilization.

Ultraviolet Absorbance Thermal Denaturation Studies: The ultraviolet (UV) denaturation
studies were measured at 260 nm on a Varian-Cary IE UV/Vis Spectrophotometer equipped
with a heating/cooling accessory. Heating was applied at 1°C min'1 from 5°C to 80°C. The
oligonucleotides (10 pM) were dissolved in a buffered solution (pH 7.0) consisting of aqueous
NaCl (0.1M), sodium phosphate (10 mM) and EDTA (1 mM). All solutions were heated to
90°C for 15 min, followed by slow cooling to room temperature and then stored in
refrigerator (4°C) overnight to ensure efficient annealing of the duplexes. Both heating and
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cooling curves were recorded to check for possible hysteresis. The values reported are from
the heating curves.

NMR Studies: After the addition of the oG containing strand to the unmodified strand to
generate the complementary oG:G duplexes in a buffer containing NaCl (0.1M), sodium
phosphate (10 mM) and EDTA (1 mM) in H,0/D20 (90/10, v/v) at pH 7.0, the samples were
heated to 90°C for 15 min, followed by slow cooling to roomtemperature and then stored in
refrigerator overnight to ensure efficient annealing of the duplexes.One-dimensional proton
NMR spectra were collected on a Unity-500. The residual HOD resonance in this experiment
was suppressed by using an 1-3-3-1 binomial sequence. Chemical shifts were measured
relative to the HOD resonance, 4.80 ppm.

Molecular Modeling and Energy Minimization: The duplexes were constructed, displayed and
analysed with the programs MacroModel 4.0 on a Silicon Graphics Iris 4D70GT. The initial
coordinates for a classical B-DNA d(CGCGAATTCGCG) structure was generated and an
idealized global B-DNA conformation was selected on this basis of the derived nucleotide
parameters. The helix was formed in a Watson-Crick pair and all sugars were constrained to
a C2’ endo conformation. The numbering scheme used was:
5’- C‘ G2 C3 G4 A5 A6 T7 T8 C9 G'° C“ G12 -3’
3’- G24 C23 G22 C21 T20 T 19 A18 A17 G16 C15 G14 C13 -5’
The G:G mispair was initially prepared by translation of both C9 and C21 into G and
four possible symmetric

G 4<16):G 2U9)

paired duplexes, anti:anti, anti:syn, syn:anti, and syn:syn,
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were produced by rotation of the appropriate C l’(sugar)-N(base) glycosidic bond in such a
way that the sugar moiety stayed close to its normal position in B-DNA. No modification of
torsion angles was required to introduce the G:G mismatch into the helix.
Four possible symmetric oG:G mismatch duplexes were created by transformation of
G4 and G16 into oG in each duplex of the G:G mispairs. AH models were then calculated for
energy minimization without any constraint by using the energy function of AMBER. The
parameters used were standard and all hydrogen atoms were treated explicitly. All atom pairs
were included in the calculations of non-bonding interactions with the effect of solvent (such
as water).

-
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CHAPTER III
An Effect of C-8-Oxo-2’-Deoxyguanosine on Telomeres
- A Possible Mechanism for Genomic Instability

SUMMARY
Telomeres, the structures at the ends of eukaryotic chromosomes, are composed of
stretches of tandemly repeated sequences with guanine (G) clusters along one strand and have
been shown to form four-stranded helices termed G-quartet. G-quartet structures at the end of
chromosomes are important for chromosomal stability and the maintenance and replication of
the chromosomal terminus. We are investigating the effects of C-8-oxo-2’-deoxyguanosine
(oG) substitution on the stability of G-quartet structure since the mutagenic and carcinogenic
potency of oG may result from genomic instability and chromosomal loss by damage of Gquartet structure at the ends of chromosomes. Two telomeric sequences, 5’TTTGGTTTGGTTTGGTTTGG-3’, (TGI) and 5’-TGAGTGG-3\ were used as model Gquartets. Two different single oG substitutions for guanine in the "sy/i" and "anti" positions
of G-quartet structure of TGI were directly introduced, resulting in TG2 and TG3,
respectively. A site-specific oG substitution was inserted into the complimentary strand of 5’TGAGTGG-3’, 5’-CCAoGTCA-3\ Our CD, NMR and UV absorbance thermal denaturation
data for TG2 and TG3 suggest that substitution of oG for guanine in the either syn or anti
position of a G-quartet structure significantlty destabilized the G-quartet structure. However,
substitution of oG on the complimentary strand of telomeric DNA does not seem to interfere
with the formation of G-quartet. These data suggest that mutagenesis or carcinogenesis may
be caused by damage of G-quartet structures (for example, G -> oG) at the end of the
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chromosome.

m.A.) INTRODUCTION
Unlike other nucleotides, guanosine monophosphate (GMP) can arrange itself into
highly ordered aggregates in aqueous solutions.64 This phenomenon was discovered in 1972
by Miles and Frazier65 and further studies provided evidence for a planar tetrameric
arrangement of GMP molecules held together by hydrogen bonds. An important observation
was made by Henderson et al. in 1987 who found that oligonucleotides derived from the Grich strand of most telomeric sequences form structures with decreased electrophoretic
mobility in nondenaturing, or native, polyacrylamide gels.66-67 In addition, G-rich regions
of immunoglobulin switch regions68 have been found to form four-stranded helices. Similar
four-stranded helices have been found in several key chromosomal locations, including
telomeres,69,70 immunoglobulin-switching region,71 and transcriptional promotors.72’73
Therefore, formation of this four-stranded helix type structure may have potential biological
significance.
Telomeres, the structures at the ends of eukaryotic chromosomes, are essential for
chromosome stability, the maintenance and replication of the chromosomal terminus during
each cell cycle, and appear to help mediate the organization of chromosomes within the
nucleus.74 All nuclear telomeres consist of simple repeated sequences with a pronounced
strand-specific base composition asymmetry that results in distinctly G-rich DNA strands.
The 5’ to 3’ orientation of the G-rich strand is from the interior of the chromosome toward its
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end. Formation of the four-stranded helices can serve to transiently stabilize the ends of
chromosomes prior to further processing or protein binding. In addition, telomeres protect the
chromosomes from DNA degradation, end-to-end fusions, rearrangements, and chromosome
loss.75’76
Continued loss of telomere sequences causes genomic instability, chromosome loss and
cessation of cell division.77 Short telomeres have been detected in a range of tumor cell
lines and tissues, including breast cancer,78 Wilms tumor,79 colorectal carcinoma,80 and
leukemia,81 which suggests that telomere shortening or instability may be involved in
oncogenesis. This cyclic hydrogen-bonded array of four-stranded guanine structure can be
formed monomolecularly via intramolecular folding, bimolecularly by association of two
hairpins, or tetramolecularly by alignment of four separate strands.82 This four-stranded
guanine structure, shown in Figure 19, is frequently called G-quartet, G-tetrad, G-tetramer, GDNA complex, guanine tetraplex, or DNA quadruplex. Here the structure will be termed as
the G-quartet. In the G-quartet, four guanines are hydrogen bonded in a square-planar
symmetric array and each residue serves as both donor, using its Watson-Crick edge, and
acceptor, using its Hoogsteen edge. The cavity in the center of the G-quartet is a possible
binding site for a monovalent cation.
High resolution structures of G-quartet show that the glycosidic conformation of the
guanine residues alternates between syn and anti along the phosphodiester chain.83,84 The
glycosidic torsions alternate between the syn and anti conformations, which creates major and
minor grooves when several quartets are stacked. Dias et al. reported the effect of 8-bromo2 ’-deoxyguanosine (8-Br-dG) substitution on the stability of G-quartet structure.85
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Figure 19. Basic unit of four-stranded guanine structure, G-quartet. Four guanines are
hydrogen bonded in a square-planar symmetric array and each base is both the donor and
acceptor in a Hoogsteen base pair in the presence of monovalent cations at the center. The
Nl-H is hydrogen-bonded to C6-0 of the adjacent base whereas the C2-NH, is hydrogenbonded to N7 of the neighboring base.
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Substitution of 8-Br-dG at positions that adopted a syn conformations in the G-quartet
structure stabilized the structure while substitution at positions required to be anti destabilized
the structure.
C-8-oxo-2’-deoxyguanosine (oG), a common and major product of oxidative damage
by ionizing radiation86 or a variety of chemical carcinogens such as ferric nitrilotriacetate,
asbestos,87,88 is mis-read at the site of incorporation and adjacent base sites when oG is
incorporated into a DNA template.37 Recent evidence strongly suggest that oG in cellular
DNA has significant mutagenic potential and may ultimately result in carcinogenesis.89,90
We hypothesize that the mutagenic and carcinogenic potency of oG results from genomic
instability and chromosome loss by damage of G-quartet structure for the following reasons:
First, telomeric DNA is composed of stretches of G-rich DNA sequences at the 3’ end of
linear chromosomes. Second, guanine is a major site for oxidative damage in DNA. When
oxidative damage in DNA results in the formation of oG, this guanine derivative adopts the
syn conformation preferentially and its 6,8-diketo tautomeric form introduces an additional
imino proton at the N7 position. Third, formation of oG in the G-quartet structure may
destabilize the conformation because of the disruption of hydrogen-bonding between C-2-NH,
and N7 of the adjacent base and the interference of the glycosidic conformation of the Gquartet structure with alternating syn and anti. Finally, the interruption of G-quartet structure
at chromosomal ends caused by the formation of oG may result in DNA degradation, end-toend fusions, rearrangements, and/or chromosomal instability and loss.
To test our hypothesis, we have prepared a set of oligonucleotides containing sitespecific oG substitution to probe the effect of oG on G-quartet structure. Two single oG
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substitutions were introduced into the four-repeated telomeric sequence 5’TTTGGTTTGGTTTGGTTTGG-3’, TGI, shown below:
TG2: 5’-TTTGGTTTGGTTToGGTTTGG-3’
TG3: 5’-TTTGGTTTGGTTTGoGTTTGG)-3’
TG2 was chosen with oG at syn position (#14) of the TGI and TG3 with oG at anti
position (#15). Substitution of oG for guanine in either syn or anti position of a G-quartet
structure could probe the effects of predominant syn conformation and, additionally, an
exocyclic N7 imino proton of oG on the G-quartet structure. The effect of the oG
substitution on the stability of the G-quartet structure was determined by measuring the
melting temperature of each oligonucleotide by UV thermal denaturation and Circular
Dichroism (CD) spectra for each oligonucleotide.
CD spectroscopy has proven to be a very sensitive technique for probing the overall
conformation of G-quartet models.91,92 The phenomenon of optical activity has been
known since the last century from the work of Arago, Biot, Fresnel, and Pasteur. The optical
activity of a specific medium is attributed to the fact that this medium has different indices of
refraction for the left and right circularly polarized light, which means that the speed of the
left circularly polarized light is different from the speed of the right circularly polarized
light.93 In the spectral region in which optically active absorption bands are present, the two
components, the left and right circularly polarized rays, are also differentially absorbed.
Hence, when an optically active medium is traversed by a plane polarized light in the spectral
range in which an optically active chromophore absorbs, not only does the plane of
polarization rotate at an angle a, but the resulting light is also elliptically polarized: the
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medium exhibits circular dichroism (CD). If e, and e, are the molecular coefficients of
absorption for the left and right circularly polarized lights respectively, the difference e, - e, is
a measure of the intensity of circular dichroism. This difference is expressed by a e called the
differential dichroic absorption. In order to allow comparison between the molecular
amplitude of an optical rotatory dispersion curve and its circular dichroism, molecular
ellipticity [0] is used. The molecular ellipticity [0] is directly proportional to the differential
dichroic absorption

( a e ),

and it can be shown that [0] = 3300 * a e .

To be optically active, a molecule should be either chiral or devoid of symmetry
elements. A molecule is chiral if it can exist in enantiomeric forms, although it may possess
an axis of symmetry. A molecule is asymmetric if it is devoid of a center of inversion, a
plane of symmetry, and an alternating rotation - reflection axis of symmetry. The
heterocyclic systems which form the nucleotides are achiral and only become optically active
in a dissymmetric surrounding. The contributions to the optical activity also result from the
presence of a helical arrangement - the component of the absorption band which is polarized
perpendicularly to the axis of the helix gives rise to a circular dichroism curve. The CD
curve of B-DNA exhibits a positive maximum at 273 nm and a negative one at 243 nm.
Furthermore, when a solution of DNA is heated, the circular dichroic absorption begins to
decrease to a lower value. This behavior suggests that the helical structure is destroyed at
high temperature.
In addition to TGI - TG3, we prepared one G-rich oligonucleotide, 5’-TGAGTGG-3\
and one oligonucleotide containing site-specific oG substitution, 5’-CCAoGTCA-3\ The
former could form four-stranded G-quartet whereas the latter was complimentary to the
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telomeric strand except for the central base pair. It has been suggested that guanine-rich
regions within two chromatids may separate from their complimentary strands to form Gquartet structure between two chromatids.94 We employed an 'H NMR to determine the
effect of existence of complimentary strand with oG on formation of G-quartet and again
characterize the thermodynamic features of G-quartet.

m.B.) RESULTS AND DISCUSSION
The synthesis of the required oligonucleotides including those containing oG were
carried out by a solid-phase phosphotriester method. Each oligonucleotide was purified as
described previously (See Chapter II.D.)
III.B.1.) CD AND UV ABSORBANCE THERMAL DENATURATION RESULTS FOR
TGI, TG2 AND TG3

The sequence of TGI contains two stacked G-quartets capped by thymidine loops.
Each G-quartet is composed of two and and two syn residues stabilized by Hoogsteen base
pairing (Figure 20). The telomeric oligonucleotide, TGI, was assayed by CD for
conformational changes as a function of temperature. The G-quartet structure in the TG1
gave a characteristic CD spectrum in a buffer solution (10 mM sodium phosphate, 100 mM
NaCl, ImM EDTA, pH 7.0) at 9°C shown in Figure 21. The CD spectrum was characterized
by two positive maxima, 296 and 250 nm, respectively, with a negative trough at 265 nm.
The CD spectrum of TGI was found to be temperature dependent shown in the CD melting
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Figure 20. Structure of the TGI. Two G-quartets are stacked and capped by loops of
thymidine residues. The glycosidic conformation alternates syn (s) amd anti (a) for each
of adjacent G’s.
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Figure 21. CD spectra of the d(TTTGG)4 in a buffer solution (10 mM sodium phosphate, 100
mM NaCl, ImM EDTA, pH 7.0) at 9°C. The duplex was equilibrated for 1 h before the
scan.
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profile in Figure 22. This CD melting profile of the TG1 changed in magnitude but not in
shape and suggested that no large-scale change in geometry was involved. It also
demonstrated that the G-quartet structure of the TGI was extremely stable even at 50°C.
To examine further the nature of the self-association interactions of the TGI seen in
the CD assay, an absorbance thermal denaturation analysis was performed. The
corresponding ultraviolet (UV) absorption denaturation profiles exhibited a significant but
much less dramatic hyperchromatic change like the "_J- " shape seen for thermal denaturation
for the G-quartet structure shown in Figure 23. This UV profile was consistent with the
observation of Henderson et al.9S The absorbance thermal denaturation profiles we observed
were not sigmoidal in nature, unlike the cooperative double-strand to single-strand transition
seen with Watson-Crick base-paired DNA, demonstrating the characteristic thermal unfolding
pattern of telomeric oligonucleotide. Compared to CD, UV absorption thermal denaturation
experiment is a less sensitive technique than CD spectra for monitoring the thermally induced
transitions for the G-quartet.
The oG substitutions of the TGI chosen were TG2 with oG at syn position (#14) and
TG3 with oG at anti position (#15). Substitution of oG for guanine in either syn or anti
position of a G-quartet structure could probe the effects of preferred syn conformation and an
additional N7 imino proton of oG on the G-quartet structure. For example, in the syn
position, disruption of the hydrogen-bonding scheme of the G-quartet can be examined; in the
anti position, both disruption of hydrogen-bonding scheme and syn/anti conformational effects
can be studied.
The oG contained oligonucleotides were also analyzed by CD for conformational
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Figure 22. Temperature-dependenct CD spectra for the d(TTTGG)4 in a buffer solution (10
mM sodium phosphate, 100 mM NaCl, ImM EDTA, pH 7.0). Identifying the spectra from
the top to bottom at 296 nm, temperatures are 9°, 25°, 40° and 50°C, respectively.
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CD S p e c tru m of TTTGGTTTGGTTTGGTTTGG

Figure 23. Absorbance thermal denaturation analysis of the d(TTTGG)4 in a buffer solution
(10 mM sodium phosphate, 100 mM NaCl, ImM EDTA, pH 7.0). The heating rate was
l°C/min and the transition point was at approximately 42°C.
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changes. The behavior of two oG substitutions of the TGI under the same conditions (100
mM NaCl, 10 mM phosphate buffer, 1 mM EDTA, pH 7.0) in the CD spectra were
completely different from those of the unsubstituted oligonucleotide and are shown in Figures
24 and 25. First, these latter CD spectra lack a G-quartet signature but likely exist in either a
partially folded back structure or some aggregated state rather than as isolated single strands.
However, both CD spectra showed an extremely low signal to noise ratio. This suggested
that the rotatory effects of the TG2 and the TG3 were small relative to the TGI. It is likely
that the G-quartet structure of the TG1 was disturbed by the substitution of oG. Secondly, in
spite of heating to 40°C, both the TG2 and the TG3 did not exhibit significant changes in
molecular ellipticities of 296 nm. This demonstrated that the effect of the oG substitution of
the TGI on the G-quartet structure, remarkably, occurred even at low temperature. Finally,
the substitution interference for the G-quartet, when dG is replaced by oG, is fairly clear by
comparison of their CD spectra at 9°C shown in Figure 26. Examination of the interference
pattern of the two oG substitutions of the TGI found that both the TG2 with oG at syn
position (#14) and the TG3 with oG at anti position (#15) showed similar disruption of the Gquartet structure. For example, they contained a fair molecular ellipticity at 296 nm at 9°C
but do not show a negative trough at 265 nm nor the positive band at 250 nm. This
suggested that both positions (#14 and #15) sufferred from the impacts of the predominant
syn conformation and an additionally exocyclic N7 imino proton of oG on the G-quartet
structure.
The impact of the substitution of oG on the G-quartet was confirmed by the UV
absorbance thermal denaturation experiment. The UV absorbance thermal denaturation
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Figure 24. CD melting spectra of the d(TTTGGTTTGGTTToGGTTTGG), TG2, in a buffer
solution (10 mM sodium phosphate, 100 mM NaCl, ImM EDTA, pH 7.0) at 9°C ( -• -) and
40°C (-■-).
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CD spectrum of TTTGGTTTGGTTTG*GTTTGG

Figure 25. CD melting spectra of the d(TTTGGTTTGGTTTGoGTTTGG), TG3, in a buffer
solution (10 mM sodium phosphate, 100 mM NaCl, ImM EDTA, pH 7.0) at 9°C (-•-) and
40°C (-■-).
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CD spectrum of TTTGGTTTGGTTTGG*TTTGG
) mM Sod. Phosphate with 0.5 M NaCl at pH 7.2

CD [mdeg]

Figure 26. CD melting spectra of the TGI (-•-), the TG2 (-■-) and the TG3 (-a-), in a buffer
solution (10 mM sodium phosphate, 100 mM NaCl, ImM EDTA, pH 7.0) at 9°C.
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CD spectra of TG derivatives at 9 degree C

CD [mdeg]

experiment was accomplished by evaluating the maximum at 260 nm versus temperature.
The nearly linear melting profiles of the TG2 and the TG3 in a buffer solution (0.1 M NaCl,
10 mM phosphate, 1 mM EDTA, pH 7.0) are shown in Figures 27 and 28. Compared to that
of the TGI in Figure 23, no transition point was found in either duplex. The observed
absorbance increased as temperature increased because unstacking of the bases occurred.
Both melting profiles of absorbance versus temperature of the TG2 and the TG3 demonstrated
that no structural conformation existed in either the TG2 or the TG3 under this condition.
The thermal denaturation behavior along with the CD spectra of both oG substituted
oligonucleotides showed their unstable properties of structure framework. The results
suggested that substitution of oG for guanine in either syn or anti position of a G-quartet
structure evidently destabilized or even disrupted the structure.

m.B.2.) NMR AND UV ABSORBANCE THERM AL DENATURATION RESULTS FOR

5 ’-CCAoGTCA-3’:3’-GGTGAGT-5’
For the second duplex we selected, the 'H NMR spectrum of d(TGAGTGG) in the
presence of its complement 5’-CCAoGTCA-3’, (1:1), in a buffer solution (0.1 M NaCl, 10
mM phosphate, 1 mM EDTA, and pH 7.0) in H,0:D20 (90:10) at 5°C is shown in Figure 11.
The 'H NMR spectrum showed that the sample was predominantly associated with both Gquartet and duplex forms. Three sharp resonances in the ratio of 2:2:2 (12.6, 12.9 and 13.8
ppm) along with very broad exchangeable protons (9.6 - 11.5 ppm) and multiple singlets in
thymidine methyl region (0.5 - 1.5 ppm) were observed. The observed 'H NMR spectrum
indicates that more than one structure is present in the oG 7-mer DNA sample (See discussion
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Figure 27. UV absorbance thermal denaturation experiment of the
d(TTTGGTTTGGTTToGGTTTGG), TG2, in a buffer solution (10 mM sodium phosphate,
100 mM NaCl, ImM EDTA, pH 7.0). The heating rate was l°C/min.
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Figure 28. UV absorbance thermal denaturation experiment of the
d(TTTGGTTTGGTTTGoGTTTGG), TG3, in a buffer solution (10 mM sodium phosphate,
100 mM NaCl, ImM EDTA, pH 7.0). The heating rate was l°C/min.
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in Chapter II.B.4.). The imino protons (around 12.0 - 14.0 ppm) arise from two A:T base
pairs (13.8 ppm), two G:C base pairs (12.9 ppm) and the central oG:G base pair (12.6 ppm)
imino protons and provided evidence for the presence of the 5’-CCAoGTCA-3’:3’GGTGAGT-5’ duplex. Figure 12 shows the downfield region (9.5 - 14.5 ppm) of the lH
NMR spectrum of the S’-CCAoGTCA-S’^ ’-GGTGAGT-S’ obtained in H20/D 20 (90/10)
solution in the 5 to 60°C range. As the temperature was increased, the H-bonded NH protons
(9.6 -14.0 ppm) began to exchange rapidly, especially those of the duplex, and these
resonances broadened and disappeared above 15°C. This indicates that the oG 7-mer duplex
is dissociated above 15°C.
The broad imino protons (between 9.6 and 11.5 ppm) are characteristic of hydrogenbonded G:G pairs of G-quartet for the following reasons: First, the deoxyguanosine imino
protons of G-quartet commonly occur at this region. Second, the integral values of the broad
imino protons (9.6 - 11.5 ppm) indicate that more than twenty-four imino protons are present
in this region. Finally, the imino proton signals (9.6 - 11.5 ppm) are unaffected on increasing
the temperature from 5 to 40°C, as shown in Figure 12. This behavior is consistent with
formation of a tightly stacked and hydrogen-bonded G-quartet. The guanine imino protons
involved in G-quartet were both hydrogen-bonded and in the interior of the G-quartet
structure so that they were shielded from solvent and remained in very slow exchange even
beyond 50°C. This thermal denaturation pattern reflects one of the most commonly observed
physical properties of the G-quartet, its extreme stability.
The narrow, well-defined amino proton resonances (7.1 - 8.3 ppm range) evidenced
that both G-quartet and duplex containing hydrogen-bonded and otherwise trapped protons
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formed in the sample and the spectrum (Figure 11) was not the result of intermolecular
aggregation. The results here demonstrate that the duplex and the G-quartet form coexisted
in the buffer solution of the oG 7-mer DNA sample. In addition, the data presented here
show that the oG substitution of the C-rich strand does not greatly interfere with the
formation of G-quartet on the complimentary strand. However, there was no evidence to
show whether any transition from the duplex to the G-quartet occurred as the temperature was
increased.
In summary, CD and NMR spectroscopy are very sensitive techniques for probing the
overall conformation of G-quartet models. The presence in telomeric DNA of sequences with
G clusters on one strand endows these molecules with unique cohesive properties that could
protect the chromosome ends from dissociation. Formation of oG in the telomeric sequences
can result in disrupting G-quartet and ultimately damaging the cohesive interaction present in
telomeres. However, formation of oG in its complimentary C-rich strands has a little or no
effect on structural basis.

III.C.) FUTURE STUDIES
Chemical modification is a powerful tool to probe nucleic acid structure and
mechanism. Modification of guanine by 8-hydroxylation is a direct probe of the assessment
of oxidative damage on telomeric ends at chromosome. Our studies here demonstrate that Grich oligonucleotides can fold into a compact G-quartet structure intramolecularly by fourrepeated sequences such as d(TTTGG)4 or intermolecularly by single telomeric sequences
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such as d(TGAGTGG). The CD studies show that substitution of oG for guanine in either
syn or anti position of a G-quartet structure destabilized or even destroyed the structure. It is
due to the predominant syn conformation and an additionally exocyclic N7 imino proton of
oG on the G-quartet structure. However, no significant change in transition between duplex
and G-quartet occurs when the single-repeated telomeric oligonucleotide, 3’-GGTGAGT-5\
was incubated with its complimentary oligonucleotide containing site-specific oG substitution,
5’-CCAoGTCA-3’. It indicates that oxidative damage occurred at G-rich oligonucleotides,
but not at their complimentary strands, of chromosomal ends can severely destabilize or even
destroy the intact G-quartet. Our data strongly suggest that the mutagenic and carcinogenic
potency of oG may cause genomic instability and chromosome loss by damage of G-quartet
structure.
To further support our studies, molecules containing four repeats of the human
telomeric sequences, d(TTAGGG)4, are good models for four-repeated G-strand overhangs in
vivo. Our preliminary data showed that the human telomeric sequence also exhibited a
characteristic CD spectrum with a strong 295 nm positive band (Figure 29). The data suggest
that the human telomeric sequence d(TTAGGG)4, like d(TTTGG)4, adopts intramolecular
folded G-quartet structures, consistent with Balagurumoorthy’s data.96 Substitution of oG
for guanine in either syn or anti position into the human telomeric sequence will be next
investigated.
Our current investigations focus on the effect of oG substitution of the telomeric
oligonucleotides on the telomerase activity of tumorous cells. Eukaryotic chromosomes are
capped with repetitive G-quartet sequences that protect the ends from damage and
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Figure 29. CD melting spectra of the d(TTAGGG)4 in a buffer solution (10 mM sodium
phosphate, 100 mM NaCl, ImM EDTA, pH 7.0) at 9°C (-•-), 25°C (-■-) and 40°C (-*).
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CD spectra of d(TTAGGG)4 in a Sod. Phosphate

CD [mdeg]

rearrangements. Telomere repeats are synthesized by an enzyme, telomerase, a ribonucleic
acid-protein complex. Its template region encompasses 11 nucleotides (5’-CUAACCCUAAC)
complimentary to the human telomere sequence (TTAGGG),,.97 Over 90 percent of human
tumor cell lines and tissues express very high telomerase activity.98,99 This suggests an
"antisense" hypothesis that a designed strand of RNA based on the template in human gene of
telomerase, which would bind to the telomerase, inactivates the telomerase activity of the
tumor cells and eventually inhibits the tumor cell growth. Our preliminary data show that
addition of a low dose of a telomeric sequence, (TTAGGG)4, to cultures of cancerous cells
caused the decrease in telomerase activity but this inhibition decreased when the dosage of
the (TTAGGG)4 increased. This may occur when, at the higher concentrations of the
telomeric oligonucleotide, G-quartet formation occurs. Therefore, the introduction of oG into
the telomeric oligonucleotide should interfere with the formation of the G-quartet and increase
the inhibition of the telomerase activity in the culture with the cancerous cells (Assuming
telomerase will still recognize it as a G). More experiments are needed to establish the effect
of oG substitution of the telomeric sequence on the telomerase activity in the cancerous cells.
Although oxidative damage has been proposed to contribute to aging,100 no direct
evidence implicate a true role for oxidative damage in replicative senescence of cells. Our
data presented here provide a potential mechanism for oxidative damage in aging cells.
Additional biological studies should help to elucidate the potential role that oG damage plays
in aging. To further explore this oG damage hypothesis of cellular damage, aging of cultured
fibroblasts and other somatic cells in vivo, including skin epidermal cells, peripheral blood
leukocytes, or colon mucosa epithelia, will be next investigated in the presence of oG.
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Frequency of chromosomal abnormalities, especially telomeric associations or dicentrics, in
senescing cells, will also be studied for support of the oG damage hypothesis for cellular
aging. The biological results will provide the opportunity to support and correlate it with our
data presented here.

OLD.) EXPERIM ENTAL

Materials: The corresponding oG phosphoramidite was synthesized by the modified method
of Bodepudi (See Chapter II) for the 5’-CCAoGTCA-3\ These became commercially
available and were purchased from Glen Research Co (Sterling, VA) for preparation of the
TG derivatives.

Oligonucleotide Synthesis:

Oligonucleotides, including those containing oG, were prepared

by using solid-phase phosphotriester method on an Applied Biosystems synthesizer 380B in
the Biochemistry Core Facility, WVU and isolated by standard method except that the oG
modified oligonucleotides were removed from the resin support by means of concentrated
ammonia containing 0.25M p-mercaptoethanol at 55°C for overnight.

Oligonucleotide Purification: Oligonucleotides were purified on either silica gel 60 F ^ TLC
plates or a reverse-phase column, Whatman Partisil 10 ODS-1 M9/25 (0.9 x 25 cm).
Preparative pre-coated silica gel 60 F ^ TLC plates on glass (20 x 20 cm) were
purchased from ANALTECH Co (Newark, DE). The oligonucleotides were first dissolved in
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100 pi of water and were applied on the plate. After development with npropanol/concentrated ammonia/water (55:35:10, v/v), the plates were dried by blowning off
excess solvent with air. The slowest migrating major band observed under UV light were
scraped off the silica gel into an Hppendorf centrifuge tube. The oligonucleotides were
consecutively eluted from the silica gel with a mixture of ethanol and water (3:1, v/v) in 300
pi, 100 pi and 100 pi volumes, respectively, by soaking for 1 hr each time, followed by
centrifugation and collection of the supernatant. The pure oligonucleotides were obtained by
removal of the solvent.
Preparative HPLC purification of oligonucleotides was performed on Waters System
including Waters 510 HPLC pump and a Waters Automated Gradient Controller. The
oligonucleotides were eluted with a linear gradient of 0.05 M triethylamine acetate (pH 7.0)
containing 10-15% acetonitrile over an hour. The desired oligonucleotides were collected and
then lyophilized.
After purification by either HPLC or TLC, each oligonucleotide was dissolved in
distilled water and placed in a Spectra/Por Dialysis Tubing (Spectrum Co.). The ends of the
tubing were sealed by Spectra/Por Closures and soaked in distilled water with stirring
overnight. The oligonucleotides were collected and then lyophilized.

Ultraviolet Thermal Denaturation Studies: The Ultraviolet (UV) thermal denaturation studies
were measured at 260 nm on a Varian-Cary IE UV/Vis Spectrophotometer equipped with a
temperature controller. Heating was applied at a rate of 1°C min'1 from 5 or 10°C to 80°C.
The oligonucleotides were dissolved in a buffer (pH 7.0) consisting of aqueous NaCl (0.1M),
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sodium phosphate (10 mM) and EDTA (1 mM) to give a solution 10 pM in oligonucleotides.
All solutions were heated to 90°C for 15 min, followed by slow cooling to room temperature
and then stored in a refrigerator overnight to ensure efficient annealing of the duplexes or the
G-quartets. Thermal denaturation temperatures (T J were determined at a relative absorbance
change of 0.5.

Circular Dichroism (CD) Spectroscopy: CD spectra were recorded using a Jasco J-600 CD
spectropolarimeter (Japan Spectroscopic Co., Ltd.) with a thermo-controllable cell holder.
Each spectrum corresponded to an average of two scans from which the background (buffer
only) was subtracted. The oligonucleotides were dissolved in a buffer (pH 7.0) consisting of
aqueous NaCl (0.1M), sodium phosphate (10 mM) and EDTA (1 mM) to give a solution 10
mM in strands. All solutions were heated to 90°C for 15 min, followed by slow cooling to
room temperature and then stored in a refrigerator overnight to ensure efficient annealing of
the duplexes. The oligonucleotides were preequilibrated at each temperature for at least 1 hr
prior to CD scan.

NMR Studies: After the preparation of the oligonucleotides containing oG in a buffer
containing NaCl (0.1M), sodium phosphate (10 mM) and EDTA (1 mM) in H20/D20 (90/10,
v/v) at pH 7.0, the samples were heated to 90°C for 15 min, followed by slow cooling to
room temperature and then stored in a refrigerator overnight to ensure efficient annealing of
the duplexes. One-dimensional proton NMR spectra were collected on a Unity-500. The
residual HOD resonance in this experiment was suppressed by using an 1-3-3-1 Binomial
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sequence. Chemical shifts were measured relative to the HOD resonance, 4.80 ppm. The
total strand concentration was 2.1 mM.
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CHAPTER IV
Evidence for Multiple Mechanisms of Action
for Arenediazonium Ions Genotoxins
SUMMARY

We are investigating mutagenicity, DNA damage, and free radical formation of C®-aryl
guanine adducts, the major products of the reaction of arenediazonium ions, a component of
the edible mushroom Agaricus bisporus. Similar to the case of C-8-oxo-2’-deoxyguanosine
(oG) caused by oxidative damage, arenediazonium ions are reductively cleaved to form
carbon-centered aryl radicals which directly attack the C-8 carbon of 2’-deoxyguanosine to
generate C^-aryl guanine adducts. The mechanism whereby arenediazonium ions are
genotoxic is unknown and may be due to the arenediazonium ion itself or to aryl radicals
derived from arenediazonium ions. C^-aryl guanine adducts of four arenediazonium ions [pX-C6H5N2+, X = -CH3 (MBD), -CH2OH (HMBD), -CH2OCH3 (MMBD), -COOH (CBD)J have
been studied here to elucidate the genotoxic species. C^-aryl guanine products were formed
in the reaction of HMBD, MMBD, MBD, and CBD. The arenediazonium ions produced
single-strand breaks in the order MBD > HMBD > CBD > MMBD and DNA cross-links in
the order HMBD > MMBD > CBD > MBD. Under non-reducing conditions, HMBD,
MMBD, and CBD produced two radicals, aryl and hydroxy radicals but MBD did not. Our
data suggest that either the arenediazonium ions or aryl radicals can act as the ultimate
genotoxin.
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FV.A.) INTRODUCTION
The commonly eaten cultivated mushroom Agaricus bisporus contains relatively large
amounts of NML-^-glutamylM-ChydroxymethylphenyOhydrazine (agaritine),101 and
several nitrogen-nitrogen bond containing chemicals, such as N2-[L-(+)-gIutamyl]-4(carboxyphenyl)hydrazine,102p-hydroxymethylphenylhydrazine,103 and 4-(hydroxymethyl)benzenediazonium ion.104 In the fresh mushroom, p-hydroxymethylphenylhydrazine is
produced by enzymatic hydrolysis of agaritine and can be oxidatively metabolized to form the
arenediazonium ion such as 4-hydroxymethylbenzenediazonium ion.105 While agaritine
showed negative results as a carcinogen, all of these compounds are mutagenic or produce
tumors in mice.106 The mechanism of the carcinogenicity and mutagenicity of these
compounds has not yet been elucidated.
It is known that aryl hydrazines are oxidatively metabolized to their corresponding
arenediazonium ions107 and in mutagenicity test using Salmonella bacteria, arenediazonium
ions are more mutagenic than the corresponding arylhydrazines.108 This suggests that
arenediazonium ions may be the ultimate genotoxin derived from hydrazines. The highly
mutagenic arenediazonium ions have received attention in relation to their carcinogenicity.
Stock, et a1.109 found that arenediazonium ions reacted readily with guanosine to form
mainly triazenes at C2-NH2 and C^-aryl-guanine adducts. Triazene formation at C^-NH, of
adenine, adenosine, and adenylic acid were also observed. Comparable to the mechanism of
C^-oxo-Z’-deoxyguanosine (oG) formation that hydroxy free radicals generally attack at the C8 carbon of guanosine, the formation of the C*-aryl products may be due to reductively
cleavage of arenediazonium ions to generate carbon-centered aryl radicals which may serve as
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genotoxins to directly modify DNA bases and/or cleave the DNA strands.
Decomposition of arenediazonium ions can produce either aryl cations from
arenediazonium ions by nitrogen loss (path a in Scheme 3) or aryl radicals by reduction via
direct electron transfer of and subsequent homolytic dediazoniation from arenediazonium ions
(path b in Scheme 3).110,111 The decomposition pathway studied here dealed with the
lattter. Treatment of arenediazonium ions with reducing agents such as iron (II), ascorbic
acid, thiols and hydroquinones, can generate aryl radicals. Chemical reduction of
arenediazonium ions is known to produces a diazenyl radical, which can either abstract
hydrogen to form a diazene or lose nitrogen to produce an aryl radical. Since the reducing
agents that can be used chemically to produce aryl radicals from arenediazonium ions are also
cellular reductants, this process may occur in vivo and the biological activity of
arenediazonium ions may be related to their ability to produce aryl radicals in vivo. Evidence
for the intermediacy of aryl radicals from arenediazonium ions, the involvement of aryl
radicals under a variety of biologically relevant conditions, the formation of C^-aryl adducts
of adenosine and guanosine, and DNA single-strand damage by aryl radicals have been
demonstrated.112,113 Therefore, aryl radicals are reductively formed from arenediazonium
ions and may serve as genotoxins that directly modify the DNA bases and/or cleave the DNA
strands.
It is also known that arylhydrazines are oxidauvely metabolized to their corresponding
arenediazonium ions which can then be reductively cleaved to produce aryl radicals. Whether
the predominant intermediate is the arenediazonium ions or aryl radical forms determines the
type of DNA adducts formed and, perhaps, the observed mutagenicity. The studies described
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Scheme 3. Decomposition pathways for arenediazonium ions leading to (a) aryl cations, or
(b) diazenyl and aryl radicals. The actual pathway followed depends upon both the nature of
the arenediazonium ions and the specific reaction conditions.
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here were designed to determine whether or not aryl radicals and arenediazonium ions may be
involved in the genotoxicity of the arenediazonium ions found in A. bisporus and related
arenediazonium ions (Figure 30). Four arenediazonium ions [p-X-C6H5N,+ HS04] were
studied here to elucidate the genotoxic species (X = -CH3, p-methylbenzene diazonium
hydrogen sulfate, MBD; X = -CH,OH, p-hydroxymethylbenzene diazonium hydrogen sulfate,
HMBD; X = -CH2OCH3, p-methoxymethylbenzene diazonium hydrogen sulfate, MMBD; and
X = -COOH, p-carboxybenzene diazonium hydrogen sulfate, CBD). In addition, these studies
may determine the importance of the para substituent. Since the para substituent will affect
the ease of aryl radical formation, it may control the relative importance of the
arenediazonium ion and aryl radical. Our studies presented here have found that differences
in mutagenicity, DNA damage, and aryl radical formation do exist for the arenediazonium
ions studied and are correlated with the para substituents.

IV.B.) RESULTS AND DISCUSSION

IV.B.l.) Reactions of Arenediazonium Ions with Adenosine, Guanosine, and 2’Deoxyguanosine
Arenediazonium ions can react directly with macromolecules such as DNA or may be
converted by reduction or decomposition to other reactive and potentially genotoxic species.
Alternatively, arenediazonium ions can undergo a one-electron reduction to diazenyl radicals,
which can lose nitrogen to form aryl radicals (see Scheme 3). Aryl and diazenyl radicals
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Figure 30. Structures of the arenediazonium ions examined in the investigation. Of the
arenediazonium ions shown, only HMBD is actually known to be present in A. bisporiis.
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form adducts with DNA at the C-8 carbon of adenine or guanine.114 The reaction of the
arenediazonium ions with adenosine produced the C6-N-triazene (Figure 31). In addition, a
second product was obtained from HMBD and MMBD, the triazene that would be formed
from the reaction of p-formylbenzene hydrogen sulfate (FBD) (Figure 31) and adenosine. In
the former case, similar amounts of both products were formed, while in the latter case it was
the minor product. In the reaction of HMBD and MMBD with guanosine or 2’deoxyguanosine, C-8-arylated products were formed (Figure 31). As in the case of adenosine,
a second product was formed in the reactions involving HMBD and MMBD, the p-formyi
derivative. The ratio of the HMBD to FBD derived products was roughly 2:1, and for
MMBD this ratio was about 9:1. Key ‘H NMR data for the C^-arylated products are given in
Table 1. MBD only produces CM-methylphenyl-guanosine and 2’-deoxyguanosine. CBD
only produces C8-(4-carboxyphenyl)-guanosine and 2’-deoxyguanosine.
The consequences of the reaction of an arenediazonium ion with DNA depend on
whether it reacts directly or via the aryl cation, aryl radical, or aryldiazenyl radical. It is
likely that one or more species forms in vivo. Our studies here determine which
intermediates form. HMBD and MMBD form C^-^-formylphenyl) derivative with guanosine
or 2’-deoxyguanosine. The formyl adduct is formed by hydrogen abstraction by a radical
species, which results in the conversion of HMBD or MMBD into 4-foimylbenzene
diazonium ion (Figure 32).

IV.B.2.) Arylhydrazine Mutagenicity
Arylhydrazine mutagenicities were performed on strain TA102 and V79 cells. The
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Figure 31. Reactions observed to occur between arenediazonium ions and adenine and
guanine and their nucleoside and nucleotide derivatives. [O] refers to chemical or biological
oxidation. The specific product formed from guanine and its nucleosides and nucleotides
depends on the specific arenediazonium ion and whether guanine, guanosine, 2’deoxyguanosine, or 2’-deoxyguanosine 5’-monophosphate is the coreactant.
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Table 1. NMR data on the isolated guanine-arenediazonium adducts. All NMR spectra were
recorded in DMSO-d6 at room temperature and referenced to TMS. aX refers to the para
substituent of the aryl-substituted purine derived from p-X-C6H4N2+ (see Figure 30). bData
reported for the guanine derivatives as their hydrochloride salts.
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Figure 32. Mechanism for the formation of FBD from HMBD, R- = HOC6H4, HOC6H4N=N-,
HOC6H4N=NO”, H O , or other radical species. Once FBD is formed, it can be reduced, lose
nitrogen, and then arylate guanosine or 2’-deoxyguanosine. The product shown was isolated
after treatment of the arylated nucleoside with hydrochloric acid.
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strain TA102 detects mutagens that produce mainly adenine DNA-adduct. TA102 and V79
mutagenicity data are shown in Table 2. Mutagenicity in TA102 declined in the order MBD
> HMBD > MMBD >CBD. The number of revertants/plate at 100 pM was 173, 110, 90, and
62, respectively. In contrast, the order of mutagenicity based on thioguanine (TG) resistance
in V79 cells was HMBD > MMBD > CBD > MBD. The number of mutants/106 survivors at
100 pM was 61, 39, 31, and 18, respectively. This order differs from that observed in TA102
in that instead of MBD being the most mutagenic, it is the least The relative order of the
remaining three arenediazonium ions remains the same. This result suggests the possibility
that different reactive species are responsible for the mutagenic response observed in the two
mutagenicity assays. The arenediazonium ions may be reacting at adenine to form a triazene
adduct. The triazene adduct may be unstable and decompose to xanthine. This mechanism
has been proposed for the reaction of benzenediazonium ion with adenine (Scheme 4).“5
The nature of the mutation produced in V79 cells is not known.

IV.B.3.) DNA Damage
Single-strand break (SSB) frequencies are shown in Table 3. The arenediazonium ions
produced SSB in the order MBD> HMBD > CBD > MMBD. The number of SSB/107
nucleotides was 1.8, 0.7, 0.7, and 0.4, respectively, at 100 pM. DNA-DNA cross-links were
produced from HMBD, MMBD, and CBD (Table 3) and declined in the order HMBD >
MMBD > CBD. The ratio of cross-link frequencies at 100 uM was 8.6:3.0:0.8 for HMBD,
MMBD, and CBD, respectively. MBD did not produce DNA-DNA cross-links. All
arenediazonium ions studied here caused DNA damage in V79 DNA. The observed order for
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Table 2. Mutagenicity of the MBD, HMBD, MMBD, and CBD in TA102 and V79 cells. The
concentrations noted at the top of the last three columns refer to the initial arenediazonium
ion concentration. “Values reported as mean ± SD (n=4) in units of revertants/plate. The
negative control was the complete system minus the arenediazonium ion (revertants/plate = 7
± 2). The positive control was Mitomycin C (revertants/plate = 270 ± 10). bValues reported
are Mutants/106 survivors as mean ± SD (n=8). Mutagenicity was measured as TG resistance.
Reported values have been corrected for spontaneous mutants.
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Diazonium Ion

IOjiM

50*iM

IOOjiM

MBD

56 ± 3

111 ± 5

173 ± 9

HMBD

53 ± 5

73 ± 3

110 ± 4

MMBD

52 ± 5

67 ± 6

90 ± 3

CBD

0

23 ± 7

62 ± 9

MBD

8± 2

14 ± 3

18 ± 2

HMBD

31 ± 3

34 ± 1

61 ± 6

MMBD

14 ± 2

26 ± 3

39 ± 7

CBD

11 ± 1

15 ± 1

31 ± 7

TA102
Mutagenicity8

V79
Mutagenicity6
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Scheme 4. Mechanistic scheme for the deamination of adenine via an aryl triazene.
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Table 3. DNA damage as SSB and cross-links caused by MBD, HMBD, MMBD, and CBD
V79 cells. Arenediazonium ion/V 79 cell incubation time was 16 hr for all concentrations.
The concentrations noted at the top of the last three columns refer to the initial
arenediazonium ion concentration. “Values reported are SSB/107 bases at the indicated
arenediazonium ion concentration. bValues reported are the number of DNA-DNA cross
links/107 bases at the indicated arenediazonium ion concentration. Cells were incubated for
16 hr and then irradiated with “ Co (y) source at a rate of 100 rads/min for two min.
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Diazonium Ion

IOjiM

50pM

IOOjiM

MBD

0.2

0.9

1.8

HMBD

0.2

0.6

0.7

MMBD

0.1

0.2

0.4

CBD

0.1

0.2

0.7

MBD

0.0

0.0

0.0

HMBD

0.1

1.6

8.6

MMBD

0.2

0.4

3.0

CBD

0.5

0.5

0.8

SSBa

DNA Cross
Linking*1
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cross-link formation parallels the V79 mutagenicity data. The reactions that produce SSB or
cross-linking from arenediazonium ions and DNA are unknown.

IV.B.4.) ESR

In this investigation, we exploited the ability of arenediazonium ions to produce aryl
radicals upon one-electron reduction (Scheme 3a). Aryl radicals are short-lived at room
temperature and cannot be detected directly by ESR. For this reason DMPO was used as a
spin trapping agent. Free radicals add to spin traps to form more stable or persistent adducts,
which are suitable for ESR non-reducing analysis. Spin trapping experiments were conducted
on the arenediazonium ions under nonreducing and reducing conditions. The ESR spectra of
the DMPO-Ar adducts are shown in Figure 33. Under nonreducing conditions HMBD,
MMBD, and CBD produced ESR signals (Figure 33a). For these three arenediazonium ions,
two radicals were seen. One of these was due to trapping of the aryl radical formed from the
corresponding arenediazonium ion by (i) one-electron reduction and (ii) loss of nitrogen. The
second radical observed was a hydroxy radical. Other radical species that could have been
spin trapped are the aryl diazenyl radical (ArN=NO-). However, the hyperfine coupling
constants, a(H) and oc(N) values, are in agreement with the assigned species. In addition, the
signal assigned to DMPO-OH was replaced by DMPO-CO,Na when sodium formate was
added and by DMPO-CH(OH)CH3 when ethanol was added (data not shown). The intensity
of the DMPO-OH signal was also observed to increase with the signal for DMPO-Ar,
indicating that the DMPO-OH signal did not arise from being present in the DMPO solution
prior to the addition of the arenediazonium ion. These results confirm the presence of the
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Figure 33. (a) ESR spectra obtained on solutions containing DMPO (60mM) and the indicated
arenediazonium ion (10 mM) in sodium cacodylate buffer (20 mM, pH 7.4) at 25°C for 4 min
after mixing. The instrument settings were gain = 2.5 x 105 (for MBD, gain = 2.5 x 106),
time constant = 0.3 s, and sweep width = 200 G. In addition to the DMPO-Ar spin adduct
(six lines), the less intense four-line (1:2:2:1) pattern is due to the DMPO-OH spin adduct.
The starred peaks are signals due to the DMPO-OH spin adduct. (b) ESR spectra obtained on
solutions containing DMPO (60mM), the indicated arenediazonium ion (10 mM), and
Fe(NH4),(S04)2 (2 mM) in sodium cacodylate buffer (20 mM, pH 7.4) at 25°C for 4 min after
mixing. The instrument settings were gain = 1.0 x 105, time constant = 0.3 s, and sweep
width = 200 G. Identical values for a(H) and a(N) were observed for HMBD, CBD, and
MMBD, in the presence or absence of reductant.
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DMPO-OH spin adduct. An alternative mechanism for aryl radical production has been
proposed by Reszka and Chignell.116 This mechanism is shown in Scheme 5. However,
they did not consider the possibility that the diazo hydroxide (Ar-N=N-OH) might
homolytically fragment. They proposed the formation of the diazo anhydride (Ar-N=N-0N=N-Ar) and suggested that this species underwent homolytic fragmentation. They also
noted the formation of DMPO-OH although they proposed that its formation did not occur via
hydroxyl radical rather than they proposed the mechanism shown in Scheme 5.
No signal was detected for MBD under non-reducing conditions. In the presence of a
reducing agent [data shown for Fe(II); Similar spectra were obtained for other reductants
including ascorbate, dithiothreitol, catechol, and the parent hydrazine], all four
arenediazonium ions produced an ESR signal (Figure 33b). The signal intensity was a
function of the arenediazonium ion used and decreased in the order HMBD > MMBD > CBD
> MBD. The ESR hyperfine coupling constants and relative intensities of the DMPO-Ar spin
adducts are shown in Table 4. The observed values are in agreement with the reported values
for DMPO-Ar and DMPO-OH spin adducts.117
The identification of the DMPO-OH spin adducts is based on (i) the observed coupling
constants [a(N) = a(H) = 14.9 G], (ii) replacement of the DMPO-OH signal by that of
DMPO-CH(OH)-CH3 when the reaction mixtures contained ethanol, and (iii) replacement of
the DMPO-OH signal by DMPO-CO, when the reaction mixtures contained sodium formate.
The formation of a DMPO-Ar spin adduct is observed from all four arenediazonium
ions in the presence of reductants (Fig. 33a). The relative intensity of the observed signals is
the same order as observed for V79 mutagenicity. Formation of the DMPO-OH spin adduct
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Scheme 5. Proposed mechanistic scheme by Reszka and Chigneil for the formation of DMPOOH.
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Table 4. ESR coupling constants (in Gauss) and signal intensities (arbitrary units) for MBD,
HMBD, MMBD and CBD under non-reducing and reducing conditions. All solutions
contained DMPO (60 mM), the arenediazonium ion (10 mM) in sodium cacodylate (20 mM,
pH 7.4). Reactions were initiated by the addition of the arenediazonium ion. aa(N) and a(H)
were obtained by computer simulation of the ESR spectra. bNR = non-reducing conditions.
Intensity measured at 4 min with identical spectrometer settings, gain = 2.5 x 10s. CR =
reducing conditions. Reductant was Fe(NH4)2(S04)2 (2 mM). Intensities were measured at 4
min. Spectra were recorded with a gain setting of 1 x 104 and corrected to 2.5 x 10s.
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Diazonium Ion

a(N)a

a(H)b

IA
(NR)b

T(R)c
a

MBD

15.5

24.0

ND

108

HMBD

16.0

24.5

500

500

MMBD

15.8

24.5

400

415

CBD

15.3

24.0

400

262
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was not observed although under the reaction conditions DMPO-OH radical is stable. The
added reductant eliminates the need for water to serve as a reducing agent, a process
apparently required for hydroxy radical formation. The proposed mechanism is shown in
Scheme 6. This mechanism is generally consistent with the following experimental
observations: (i) unbuffered aqueous arenediazonium ion decomposition reaction mixtures, in
the absence of reducing agents, become acidic, (ii) decomposition rates are faster in the
presence of base, and (iii) hydroxyl radical can be trapped in the presence of DMPO leading
to DMPO-OH.
The ESR data support the idea that the main mutagenic species with MBD is the
arenediazonium ion and that aryl radicals are more important from the remaining three
arenediazonium ions. The least amount of aryl radical is formed from MBD. Therefore, its
direct reaction with adenine to form triazene adducts is more likely to occur than reductive
decomposition to Ar- and reaction with guanine. In contrast, HMBD, MMBD, and CBD
formed aryl radicals much more easily. Therefore, they are more likely to form C8arylguanine adducts with guanine than triazenyl adducts with adenine. This may be the
source of the different mutagenic response observed for the arenediazonium ions in the Ames
and V79 mutagenicity assays. Likewise, it may be part of the reason for the differences seen
in the DNA damage assays (SSB and cross-linking).

IV.C.) FUTURE STUDIES
It has been found that the commonly eaten cultivated mushroom Agaricus bisporus
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Scheme 6. Proposed mechanistic scheme for the generation of hydroxy radical during the
decomposition of arenediazonium ions in water.
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contains several potent carcinogens which were readily converted into arenediazonium ions
and carbon-centered aryl radicals. They can react with macromolecules such as DNA and the
reaction with DNA depends on which reactive species is formed. For example, MBD forms
6-[3-(4-methylphenyl)-2-triazen-l-yl]adenine and the arenediazonium ion is the
intermediate.118 When MBD forms C^-^-methylphenyl) guanosine by reaction with
guanosine, the aryl radical is clearly the intermediate. The mutagenicity results in both
bacterial and mammalian cells suggest that all arenediazonium ions studied are mutagenic but
different reactive species are responsible for the mutagenic response observed in TA102 and
V79 mutagenicity assays. All arenediazonium ions studied can produce DNA damage such as
SSB and DNA-DNA cross links except MBD in DNA cross-links. Formation of aryl radicals
from all arenediazonium ions studied are elucidated and identified by ESR signals. The
results suggest that the main mutagenic species with MBD is the arenediazonium ion and that
aryl radicals are more important from HMBD, MMBD, and CBD. Thus, either the
arenediazonium ion itself or an aryl radical may serve as the ultimate genotoxin.
The mechanism for the formation of the formyl adducts from the reaction of HMBD
and MMBD with guanosine still remains to be elucidated. The formyl adducts may be
formed by hydrogen abstraction by a radical species resulting in the conversion of HMBD
into the formyl adduct. Detailed mechanisms for the formation of FBD from HMBD and
MMBD remain to be completely elucidated.
The formation of DMPO-OH spin adducts from HMBD, MMBD, and CBD is of
interest It is possible that the hydroxy radicals and aryl radicals are generated simultaneously
in vitro and/or in vivo. It is well known that when this active oxygen radical is generated in
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various systems, it can cause base or sugar modifications and breakage of the phosphodiester
bond. Hydroxyl radical can react with thymine and guanine bases in DNA to give thymine
glycol,"9 C8-oxo-2’-deoxyguanine,33 and partially react with the sugar moiety by abstracting
hydrogen atoms leading to sugar radicals.120 The hydroxyl radical generated from HMBD
and MMBD may play an important role as a genotoxin in the A. bisporus mushroom and this
remains to be studied.
It is well known that the tendency of the arenediazonium ions to be reduced to aryl
radicals is a function of their respective reduction potentials. The reduction potentials for the
arenediazonium ions can be calculated from the Elofson and Gadallah’s Equation and 8p
constants.121 If the dependence of carcinogenicity or mutagenicity activities on reduction
potential of arenediazonium ions can be established, the reduction potential, or its estimation
from the substituent constant, may serve as a guide to determining the relative genotoxic
activity of arenediazonium ions versus its corresponding aryl radicals.
To elucidate the mechanism whereby arenediazonium ions and their metabolic
precursors express their genotoxicity, more studies that explore DNA adduct formation must
assay for adenosine and guanosine adducts. Furthermore, to correlate the structural and basepairing relationships of C^-aryl^’-deoxyguanosine in DNA with the biological data, NMR
studies along with energy minimization techniques can be used to characterize its role in the
three-dimensional structure of DNA in solution.

IV.D.) EXPERIMENTAL
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Materials: Chemicals, including p-toluidine, p-nitro benzyl alcohol, p-aminobenzoic acid, 5,5dimethyl-l-pyrroline N-oxide (DMPO), p-toluoyl chloride, 6-hydroxy-2,4,5triaminopyrimidine sulfate, platinum dioxide, catechol, sodium cacodylate, ferrous ammonium
sulfate and nitrosyl hydrogen sulfate were purchased from Aldrich Chemical Co (Wikwaukee,
WI). Chelex-100 resin was purchased from Sigma (St. Louis, MO). Solvents were purchased
from Fisher Scientific (Pittsburgh, PA). All arenediazonium ions were prepared as described
in literature.122
The HPLC system consisted of a Waters Associates Chromatography pump, Alltech
Versa pack C-18 10pM column, a Shimadzu RF-535 Fluorescence detector and an HP 3390A
integrator. Two mobile phases were used. Mobile phase A: 50% Me0H/H,0; Mobile phase
B: 29% MeOH/HiO. DNA adducts were detected using an excitation wavelength of 295 nm
and an emission wavelength of 375 nm.
[H and l3C NMR spectra were measured on a Varian Gemini 300 broadband NMR.
The proton and carbon assignments of products were made based on two-dimensional
Homonuclear Correlation Spectroscopy (COSY) and Heteronuclear Correlation Spectroscopy
(HETCOR) data.

ESR: ESR spectra were measured on a Varian E-3 spectrophotometer. Solutions were
prepared in distilled water which has been treated with Chelex-100 resin. Spectra were
measured in cacodylate buffer (20 mM, pH 7.4). A DMPO stock solution was prepared as
described in literature,123 to remove paramagnetic impurities. The final concentration of the
DMPO stock solution was 0.3 M as determined by UV. Stock solutions of arenediazonium
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ions were prepared in water immediately before use. All ESR spectra were measured within
1 min of mixing. Spectra were followed for at least a 10 min period. During this time the
spectra signal/noise ratio improved but no other significant changes occurred. After this 10
min period the spectral appearance remained constant. Hyperfine coupling constants (a(H)
and a(N)) were determined by computer simulation of the observed spectra after calibration of
the instrument with 2,2-diphenyl- 1-picrylhydrazyl (DPPH) and Fremy’s salt.
p-Aminobenzyl Alcohol. p-Nitrobenzyl alcohol (15.3g, 0.1 mol) was hydrogenated
over platinum oxide (288 mg) in absolute ethanol (200 ml) for 1 - 2 hr at 40 - 50 psi of H2
at room temperature. The reaction mixture was filtered through Celite and distilled (bulb to
bulb) at 100° C (0.1 mmHg) to yield 9.46 g of p-aminobenzyl alcohol (77%): IR (KBr) cm'1
3376 (NH,, free), 3230 (NH2, hydrogen bonded), 3010 (ArH), 2928, 2870 (CH), 1607, 1517
(C=C), 1363, 1261, 1000 (CO); ‘H NMR (CDC13) 8 3.5 (3H, bs), 4.51 (2H, s), 6.66 (2H, d,
J=8.5Hz), 7.13 (2H, d, J=8.5 Hz); l3C NMR (CDC13) 5 65.2 (CH2-OH), 115.1 (C3-5), 128.7
(C2-6), 131.1 (Cl), 146.0 (C*); UV (EtOH) nm Gog e) 278 (3.54), 223 (3.35).
Methyl p-Aminobenzyl Ether. Methylation of p-nitrobenzyl alcohol was
accomplished by use of the general procedure of Johnstone and Rose.124 To a suspension
of powdered potassium hydroxide (7.5 g, 0.134 mol, 4.1 equiv) in DMSO (65 ml) was added
a solution of p-nitrobenzyl alcohol (5 g, 32.7 mmol) and methyl iodide (8.34 ml, 4.1 equiv) in
DMSO (15 ml) over a 1 hr period while the temperature was maintained below 25°C. The
resulting mixture was stirred for an additional hour, poured into waster (600 ml), and
extracted with methylene chloride (3 x 100 ml). The combined organic extracts were washed
with 10% sodium bisulfite (100 ml) and water (100 ml), dried (MgS04), filtered, and
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concentrated in vacuo to yield p-methoxymethylnitrobenzene (5.05 g, 92.5%): IR (CHC13)
cm'1 3026 (C=CH), 2931 (CH), 1605, 1523 (C=C), 1328, 1104 (CO); 'H NMR (CDC13) 8
3.452 (3H, s, CH30 ), 4.444 (2H, s, CHr O), 7.383 (2H, d, J=8.6Hz), 8.083 (2H, d, J=8.6Hz);
,3C NMR (CDC13) 8 64.800 (CH3), 79.721 (CH,), 130.03 (C3-5), 134.43 (C2-6), 153.40 (C1(4)),
154.00 (C4*0); UV (EtOH) nm (log e) 269 (4.34).
This product was taken up in absolute ethanol (70 ml), platinum dioxide (90 mg) was
added, and the mixture was hydrogenated at 40 - 50 psi of H, for 1 - 2 hr. The reaction
mixture was then filtered and concentrated in vacuo: IR (CHC13) cm'1 3462, 3393 (NH,),
3004 (C=CH), 2926 (CH), 1623, 1519 (C=C), 1279, 1089 (CO); ‘H NMR (CDC13) 8 3.344
(3H, s, CH30), 3.805 (2H, s, NH,), 4.339 (2H, s, CH20), 6.585 (2H, d, J=8.6Hz), 7.126 (2H,
d, J=8.6 Hz); 13C NMR (CDC13) 8 57.556 (CH3), 74.736 (CH,), 114.36 (C35), 127.50 (C1),
129.54 (C-6), 146.67 (C4); UV (EtOH) nm (log e) 290 (3.60), 239 (4.25)
Arenediazonium Ions. All arenediazonium ions were prepared as described by
Piercey and Ward.125 In general, the aryl amine (1 mmol) was dissolved in glacial acetic
acid (2 ml) (T < 25°C) and added to a suspension NOHS04 (1.05 mmol) in glacial acetic
acid (2mL) under nitrogen while the temperature was maintained below 20°C. Following the
addition the reaction was stirred for 30 min at room temperature. Diethyl ether (10ml) was
then added and the precipitate isolated by filtration through a sintered glass funnel. The filter
cake was resuspended in glacial acetic acid (5ml) and, after 5 min of stirring, diethyl ether
added, the precipitate isolated by filtration, and the filter cake fried in vacuo. The proton
chemical shifts of the arenediazonium ions in DMSO-d6 are as follows: MBD 8.37 (H3,5),
7.710 (H2-6), 2.65 (CH3); HMBD 8.39 (H3-5), 7.74 (H2-6), 4.77 (CH,0); MMBD 8.47 (H35),
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7.82 (Hw), 4.70 (CH20), 3.40 (CH30); CBD 8.73 (Hw), 8.360 (H2,6).
Preparations of C8-aryl-guanine adducts: (^-(p-methylphenyO-guanine was
prepared from p-toluoyl chloride and 6-hydroxy-2,4,5-triaminopyrimidine sulfate as described
in literature.126 The /?-hydroxymethyI and p-methoxymethyl derivatives were prepared from
guanosine and the corresponding arenediazonium ion: A solution of the arenediazonium ion
(10 mmol) was prepared in water (20 ml) at 0°C. This solution was then added dropwise to
the nucleoside (5 mmol) dissolved in 0.62 N sodium hydroxide (40 ml) while maintaining the
temperature at 0°C. After the addition of the arenediazonium ion was completed, the pH was
adjusted to 9 and the mixture was continuously stirred for 24 hr. The pH was periodically
tested and maintained within the range of 9-10 during the course of the reaction. The
reaction mixture was then filtered, the pH of the reaction mixture was adjusted to 7 by the
addition of concentrated hydrochloric acid and the precipitate which was formed was filtered,
washed thoroughly with chloroform, water, and methanol. Unreacted guanosine and 2’deoxyguanosine were removed by heating the filter cake in water and removing the insoluble
products by hot filtration. The filter cake could be further purified by HPLC using mobile
phase A (C-18, 308 nm). The DNA adduct (1 mmol) was then heated at reflux with 0.1 M
HC1 (40 ml) for 1 hr. The reaction mixture was then cooled to room temperature and the
precipitate was isolated by filtration, washed thoroughly with chloroform, water, and methanol
and dried in vacuo to yield the C^-arylguanine derivative. Selected chemical shifts of the C8arylguanine adducts are shown in Table 1.
V79 cells: (Chinese hamster lung fibroblasts) were maintained in stock culture in
Williams medium E (WE). Forty-eight hours prior to the addition of the arenediazonium ion
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they were subcultured into 75 cm3 T-flasks so that there would be about 15 x 106 cells
present when the arenediazonium ions were added. They were cultured in an atmosphere of
5% COi/95% air at 37°C.
Stability of Arenediazonium Ions in WE. Solutions of the four arenediazonium ions
(20 mM) were made up in WE and held at 37°C. After 1,2,4,8,16, and 32 h, the solutions
were analyzed by NMR. Under these conditions, only the corresponding para-substituted
phenols were produced. Pseudo-first-order kinetics for all four compounds was observed.
After 16 h, the amount of arenediazonium ion remaining decreased in the order HMBD >
MBD > MMBD > CBD (29%, 26%, 20%, 14%, respectively).
Incubation conditions. Immediately prior the addition of the arenediazonium ions,
the medium was replaced with fresh WE (20 ml) and the arenediazonium ions were added to
the V79 cells (15 x 106). The pH of the medium did not change with this addition. The cells
were incubated at 37°C for 16 h in an atmosphere of 5% C 02/95% air.
Irradiation. One hour before irradiation the T-flasks were transferred to an ice bath
and cooled. The cells were irradiated, on ice, with a Picker V9 “ Co y irradiator at a dose of
200 rad (100 rad/min).127128 At this dose, 46.8 ± 1.3% of the DNA from the cells that were
irradiated but not treated with the arenediazonium ions remained on the filters at the end of
the alkaline elution.
Cell Isolation. The irradiated and nonirradiated cells were harvested following the
same procedure. The medium was removed and the cells were washed with phosphatebuffered saline (PBS, 20 ml, pH 7.4). The cells were then incubated with a trypsin solution (2
ml, 0.05% w/v) at 37°C for 2 min. WE (20 ml) was added and the cells were gently scraped
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from the flask with a plastic policeman and collected by centrifugation (lOOOg, 10 min). The
cells were suspended in PBS (2 ml) for application to the filter for alkaline elution. The
concentration of cells was measured with a hemocytometer. About 2 x 10 6 cells were
applied to each filter.
Alkaline Elution. DNA single-strand breaks (SSB) were measured by alkaline elution
according to the method of White, et a/..127 DNA-DNA cross-links were measured
according to the method of Kohn, et fir/.,128 in which the lysing solution was supplemented
with proteinase K (0.5 mg/ml). The apparent frequencies of SSB and cross-links were
calculated according tot he method of Ewig and Kohn.129 In both assays elution proceeded
at 50 pL/min. Three milliliter fractions were collected.
Mutagenicity, (i) TA 102: The plate incorporation method using TA102 was
used.130 Plates without added arenediazonium ion served as the negative control. Plated
treated with mitomycin C were the positive controls, (ii) V79 cells: Mutagenicity was
measured in V79 cells at thioguanine (TG) resistance.131 The background (spontaneous
mutants in the absence of arenediazonium ion) was subtracted from the values reported in
Table 2.
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Chapter V
NMR Applications on Gemini 300 to Biological Problems

SUMMARY
Nuclear Magnetic Resonance (NMR) spectroscopy has, over the past decade,
experienced a renaissance. Superconducting magnets and multiple pulse techniques enhance
the capability of NMR spectroscopy of determining molecular structures and interactions. We
reported the setups and applications of a Gemini 300 spectrometer to problems of chemical
characterization and structural determination. The nuclei NMR experiments including 2H, 170
and 31P are discussed. In addition, pulse sequences such as Nuclear Overhauser Effect
difference experiment (NOEDIF), water suppression experiments such as binomial (BINOM),
Phase Exclusive Correlation Spectroscopy (PECOSY), and Heteronuclear Multiple Quantum
Coherence (HMQC) have been studied. The works reported here describe the instrumental
setup for the Gemini 300 spectrometer and demonstrate that NMR spectroscopy is a powerful
tool for elucidation of molecular structures and dynamic interactions. The applications of
NMR spectroscopy will be applied to the investigation of C-8-oxo-2’-deoxyguanosine and C8-aryl-guanine adducts of interest in carcinogenesis.

V.A.) INTRODUCTION

Since the early 1980s modern NMR spectroscopy - especially two-dimensional
methodology - has become a powerful technique for studying molecular structures and
interactions. The development of commercially available superconducting magnets has made

- 119 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

it possible to record NMR spectra with magnetic field strengths of up to 17.6 Tesla,
corresponding to a proton resonance frequency of 750 MHz. Compared to conventional
electromagnets, with their maximal field strength of about 2.3 telsa (proton resonance
frequency of 100 MHz), superconducting magnets offer several advantages. First, under the
influence of the higher external magnetic field, the population difference between possible
spin states of NMR-active nuclei is increased, leading to a significant improvement in
sensitivity. This is associated with a considerable shortening of the time required to achieve a
certain signal/noise ratio. Finally, better resolution between the signals of nuclei with similar
chemical shifts is obtained, whereas coupling constants remain unchanged since they are
natural constants. For example, assuming that A5/J, the relationship between relative
chemical shifts (in hertz) and the coupling constant in a two-spin system, is 3 at 100 MHz, it
is then increased by the factor 300/100 = 3 at 300 MHz, reaching a value of 9. Thus, a
strongly coupled AB spectrum at the lower field is converted to a weakly coupled AX
spectrum at the higher.
The Gemini spectrometer is designed to be a "routine" NMR spectrometer capable of
producing high-quality NMR spectra with a minimum of effort from the operator. In the
extreme limit, operation of the Gemini can be reduced to automated "one-button" operation
for which little or no training should be required. A context-sensitive HELP key allows a
more complete explanation of the various choices available to the user at any particular time.
At the same time, however, the Gemini is capable of performing advanced NMR experiments
such as APT, DEPT, COSY, and other advanced ID and 2D NMR techniques. One of the
great advantages of the Gemini over more traditional "menu-driven" software is that the
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experienced Gemini operator is free to intermix both menu-driven operation and commanddriven operation as the user’s needs and experience dictate.

V.B.) PRINCIPLES OF PULSE NMR

The essential features of the pulse NMR experiment can be illustrated by using a
vector picture based on the classic Bloch equation.132 In this vector picture, the
macroscopic nuclear magnetization (M„) at thermal equilibrium is aligned parallel to the static
magnetic field, which is chosen parallel to the z axis in coordinate system shown on Figure
34a. A radio-frequency (RF) pulse (B,) is applied to rotate the magnetization away from the
z axis (Figure 34b). After the pulse is turned off, the magnetization will precess at the
resonance frequency (Larmor, co = y x B,) about the z axis (Figure 34c). On the Gemini 300,
typical resonance frequencies range from 30 to 300 MHz, depending on the static magnetic
field strength used and on the gyromagnetic ratio (y) of the nucleus. For example, in the
Gemini 300 the field strengths for 'H, 2H, 13C, ISN, 170 , I9F and 31P are 300, 46, 75, 30, 40,
282, and 121 MHz, respectively.
The magnetization in a reference frame rotates with the frequency of the RF pulse
transmitter about the z axis and the carrier frequency is chosen to be within several kilohertz
from the resonance frequencies of interest. By the application of a pulse, the magnetization
can be rotated through arbitrary angles about the x or y axis of the rotating frame at the offset
frequency of the RF pulse, which equals the difference between the resonance and the carrier
frequencies. The NMR spectrometer observes the signal that is induced in the detection coil
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Figure 34. (a) Equilibrium magnetization state, M0. (b) Application of 90° pulse (B,) bends
the magnetization by 90° around the y-axis and it is represented by My. (c) The
magnetization, Mit precesses in the x,y plane around the z-axis with an angular velocity
(Larmor) of co = y x B, (y = gyromagnetic ratio of the nucleus) in the stationary frame of
reference until free induction decay (FID).
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by this precessing xy magnetization. This signal does not persist indefinitely, but decays with
time as a result of relaxation processes and thus is called the free induction decay (FID). A
Fourier transformation of this signal results in a spectrum with resonance lines at the offset
frequencies corresponding to each nucleus observed. Only magnetization of nuclei around the
carrier frequency of the RF pulse can be rotated and observed by the application of a single
pulse, and hence, only one type of nucleus is detected at a time.
A typical 2D pulse sequence is shown schematically as follows:
90°x — t, — 90°, - A - 90°.x — tj
The first pulse applied along the x axis of the rotating frame (designated a 90°x pulse)
rotates the magnetization from the z to the y axis. The transverse magnetization will precess
freely during the evolution period, t, and form the magnetization vectors. The second 90°x
pulse then rotates the magnetization vectors into the zx plane. After this pulse, the
magnetization consists of two components, the x and z components. The x component can be
eliminated by temporarily applying a small gradient on the static magnetic field so that only
magnetization parallel to the z axis remains. After a mixing time, A, the amount of z
magnetization is observed by means of another 90° pulse.
The works to be described herein result from setup and application of pulse NMR
techniques on the Gemini 300 spectrometer to problems of chemical characterization and
structural determination. Instructions (i) for other nuclei NMR such as 2H, 170 and 3IP and
(ii) for using pulse sequences such as HMQC, E.COSY, P.E. COSY, NOEDIF and water
suppression experiments that are not found in the Varian User Manual will be discussed here.
In addition, pulse sequences of interest that are not found in the standard PSGLIB or SEQLIB
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will also be addressed.

V.C.) OTHER NUCLEI NMR

V.C.1.) 2H NMR

Direct observation of the deuterium nucleus ^H) is available on a Gemini 300
spectrometer. 2H has a natural abundance of 0.015% and may not be the most popular probe
for structural investigations of organic or bioorganic molecules by NMR spectroscopy because
the deuterium atoms are not the major elements for organic or bioorganic molecules.
However, the hydrogen-deuterium exchange is readily obtained in some functional groups of a
molecule, such as exchangeable amides. The use of 2H NMR techniques can be quite useful
in certain cases, such as simplification of a spectrum and the hydrogen-exchange pulse
labeling NMR experiment.
Like other nuclei, the nucleus 2H carries a charge. This charge spins on the nuclear
axis and this circulation of nuclear charge generates a magnetic dipole along the axis. The
angular momentum of the spinning charge can be described as spin numbers (I) and 2H has a
spin number of 1. In addition, 2H has a small coupling constant with protons and a small
electrical quadrupole moment. A proton-deuterium coupling constant is approximately 1/7 of
the corresponding proton-proton constant. However, the chemical shift of a 2H can be
computed directly from the knowledge of the corresponding lH chemical shift.
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V.Gl.a.) USING 2H NMR
On the Gemini 300 NMR spectrometer, recabling the single-broadband system for 2H
NMR experiment is required. The system calibration was begun with the concentrations of
D20 and DMSO-d6 (100 and 33 ppm, respectively) in water (H20) and then:
1. Tune the probe for ‘H channel in the usual way;
2. Use or create the standard parameter for 2H from the STDPAR file (TN=2.00,
SFRQ=46.05, SW=246.20, TO=9716.40, AT=0.39, FB=1000.00, IN=N);
3. Disconnect the lock channel cable (J6001) from the OBS connector on the probe;
4. Insert tuning rod "A" (45-60 Mhz) into the bottom of the probe to tune the probe over a
segment of the observe frequency range (i.e. 46 HMz);
5. Remove the cable (J6002) from the LOCK connector and reconnect it to the OBS
connector on the probe;
6. Keep the I3C quarter-wavelength cable on the observe preamp (J5304 and J5305);
7. Obtain a deuterium spectrum. If you observe a deuterium spectrum, then you have
properly recabled the system. Using the MOVESW command narrowed the spectral width to
the region between -1 and 14 ppm. The command MOVESW would produce a change in the
value of FB and it should be changed to the correct value for FB, 1000-2000;
8. Calibrate the appropriate 90° value for PW (i.e. 26 usee);
9. For quantitative 2H, run the 2H experiment and record the integrals of HDO and CD3 peaks
of DMSO-dg at 2.5 and 4.8 ppm. After each addition of 100 ppm of [D20], repeat this step.

V.C.l.b.) RESULTS AND DISCUSSION
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The integral ratio of HDO and CD3 (DMSO-dg) vs concentration of D ,0 is plotted in
Figure 35. The absolute intensities of HDO and CD3 (DMSO-d6) integrals were used in the
ratio of HDO/CD3 (DMSO-d6) intensities. The results showed the concentration-dependence
and higher sensitivity of the 2H NMR experiment.
The considerable difficulties encountered in Fourier transform proton NMR of H ,0
solutions have long been recognized. For example, the presence of an immense water
resonance obscures much of the spectrum of interest and introduces severe problems with
inadequate ADC (analog-to-digital converter) resolution with computer memory overflow,
with rounding errors during the FT operation, and with nonlinearities in the NMR detection
systems. Since the exchangeable NH protons of peptides, proteins, and nucleic acids provide
important structural and dynamic information of biological entity and this information is not
obtainable from D20 solutions, the 2H NMR experiment may be applied to support the studies
of peptides, protein and nucleic acids. For example, the hydrogen-exchange pulse labeling
NMR techniques are used to label the exchangeable NH protons of peptides, proteins, and
nucleic acids. Then the biological samples are transferred into the H ,0 solution and
determined the total numbers of the exchangeable NH protons by the 2H NMR experiment.
The considerable advantages of 2H NMR experiment when studying the exchangeable NH
protons of the biological entity include higher sensitivity, less machine effort and less
adjustment of experimental conditions.

V.C.2.) 170 NMR
Oxygen is the most abundant chemical element and it forms compounds with all other
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Figure 35. Calibration curve of 2H NMR by using D,0 and DMSO-dfi in H,0. The integral
ratio of HDO and CD3 (DMSO-d6) vs concentration of D,0 is plotted.
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elements except helium, neon, and argon. Development of 170 NMR may be useful for
comprehension about the nature of chemical bonding.133 Direct observation of the oxygen
nucleus (170 ) in oxygen-containing groups is available on the Gemini 300. Even though I70
has a very low natural abundance of 0.037 % and a very high spin number of 5/2, it is still
easy to obtain a signal when the oxygen percentage in a substance is relatively high (for
example, the concentration of 170 in water is 33 ppm, see the following RESULTS AND
DISCUSSION).
170 NMR has several characteristics including an extremely short relaxation time (less
than 0.2 sec) and a large chemical shift range (large than 1500 ppm). The short relaxation
time and the large 170 NMR chemical shift range make this nucleus attractive for structural
determination applications. For example, monocoordinated oxygen such as the nitrosyl group
resonates at generally lower field (around 800.0 ppm) than dicoordinated oxygen such as the
ether (around 80.0 ppm) when H2l70 signal is referenced at 0.0 ppm.

V.C.2.a.) USING 170 NMR
On the Gemini 300 NMR spectrometer, no recabling of the single-broadband system
for 170 NMR experiment is required. The calibration was performed with D20 (ca. 33 ppm
of nO). The instructions were shown in the following:
1. Use or create the standard parameter for 170 NMR experiment from the STDPAR file
(TN=17.00, SFRQ=40.67, SW=20,000.00, AT=0.03, T0=8475.00, FB=8500);
2. Insert tuning rod "A" (45-60 Mhz) into the bottom of the probe to tune the probe over a
segment of the observe frequency range (i.e. 40.67);
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3. Keep the 13C quarter-wavelength cable on the observe preamp (J5304 and J5305);
4. Obtain a 170 spectrum and record the integral of D,l70. After each addition (50, 150, 200,
and 400 ppm, respectively) of 170-enriched water (90 %), repeat this step.

V.C.2.b.) RESULTS AND DISCUSSION
A calibration curve for the I70 NMR (integral in arbitrary unit vs concentration) is
plotted in Figure 36. The calculated 33 ppm was used as natural abundance for D2170. The
results showed the noticeable concentration-dependence and significant sensitivity of the 170
NMR experiment (The correlation coefficient > 0.99). For a very small quantities of l70enriched water, it can give a very good signal, even for a single scan.
For experimental considerations, the low signal/noise ratio and the poor line shape
may be due to the large chemical shift range (> 1500 ppm) and the short relaxation time (<
0.2 sec). Either the use of the steady state (SS = 2) in the beginning of the pulse or the use
of the delay (D1 = 0.5 sec) between the pulses significantly improves the line shape and the
signal/noise ratio. Moreover, because of the short relaxation time and the 170 quadrupolar
broadening effects, the acquisition time (AT) must keep as low as possible such as 0.03 sec
and no decoupler is necessary.
An important application of 170 NMR on the binding state of water molecules in
biological cells has been increasingly studied, especially in protein chemistry. Because of the
uniqueness of the exchange with bound 170-enriched water between folded and unfolded
protein, the 170-enriched water enclosed inside the folded protein can be qualitatively
determined by 170 NMR. In addition, l70 NMR can also be used to decide the different
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Figure 36. Calibration curve of l70 NMR by using |70-enriched water in D20 . The arbitrary
unit was used for the integral of HDI70 . The 33 ppm (D20) was used as natural abundance.
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proportion of free and bound 170-enriched water. With the availability of 170-enriched
substance and the high sensitivity of 170 NMR spectrometers, an increased use of 170 NMR
can be predicted.

V.C.3.) 31P NMR
3IP NMR spectroscopy has been widely employed to study the conformation of the
phosphate ester backbone in nucleic acids.134 Under ‘H broadband (BB) decoupling, 31P
NMR spectra are routinely recorded in 121 Mhz. 3IP has a natural abundance of 100% and a
spin number of 1/2. Therefore, the multiplicity rules for phosphorus-proton splitting are the
same as those for proton-proton splitting in the absence of broadband decoupling. A
significant improvement of the signal/noise ratio is achieved because if broadband decoupling
is used, the signals of the 3IP nuclei appear as narrow singlets without any splitting due to 'H,
31P coupling. However, information is lost since the number of hydrogen atoms adjacent to a
phosphorus can no longer be determined.
There is an important technique called DEPT (Distortionless Enhancement by
Polarization Transfer)135 that can further enhance 3IP signals. In a magnetic field, the
difference in energy AE between the upper and lower energy levels of a precessing nucleus
depends on its gyromagnetic ratio. Since the gyromagnetic ratio of coupled protons is much
higher than that of the other nuclei such as 13C and 1SN to which they are coupled, by a
process of polarization transfer (in practice this is done by applying a selective 180° pulse to
the •H nuclei) it inverts the population of their energy levels and increases the population
difference between the higher- and lower-energy states of the nuclei. Therefore, it enhances
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the intensity of the signals of the nuclei under observation. Moreover, a short pulse sequence
has been applied so that during the evolution time the loss of magnetization due to transversal
relaxation is less severe. Its advantage is that it is clearly less sensitive to missettings of
parameters such as pulse widths or delays. The basic DEPT pulse sequence is illustrated as
follows:
S

90°, - x - 180°x - x - 45°y

I

90V -

t

- 180%- x - I I

Where S and I refer to sensitive nucleus (i.e. hydrogen) and insensitive nucleus (i.e.
carbon or phosphorus), respectively. 0°x (90°x) refers to a pulse that rotates the magnetization
of the nucleus into a position parallel to y axis of the rotating frame whereas 0°y refers to a
pulse rotating the magnetization of the nucleus into a position parallel to x axis.
The delay x is dependent on coupling constants.

V.C.3.a.) USING 31P NMR
On the Gemini 300 spectrometer, no recabling of the single-broadband system for 31P
NMR experiment is required. The calibration was done with triphenylphosphate (0.0485 M)
in CDC13 and the resonance at 88 ppm was used as reference. The application of 3lP NMR
was achieved with an oligonucleotide (5’-GTGCACT-3’) in D,0. The instructions were
shown as follows:
1. Tune the probe for 31P channel in the usual way;
2. Use or create either the standard parameter (S2PUL) for 31P from the STDPAR file
(TN=31.00, SFRQ= 121.47, SW=16,000.00, AT=0.40, FB=8800.00) or the DEPT pulse
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sequence (TN=31.00, SFRQ=121.47, AT=0.137, T0=2330.50, FB=300.00, DM=NNY,
MULT=0.5 and J=3-6);
3. No tuning rod is required;
4. Install the 3IP quarter-wavelength cable on the observe preamp (J5304 and J5305);
5. Obtain a 3,P spectrum. Using the MOVESW command adjusted the spectral width to the
region of interest;
6. Run the 3IP experiments under either the STDPAR or the DEPT pulse sequence.

V.C.3.b.) RESULTS AND DISCUSSION
The 3IP spectra of 5’-GTGCACT-3’ in D20 resulted from four different values (3-6
Hz) of JP.H on the DEPT experiment and from the STDPAR file are displayed in Figure 37.
The value of J represented the average P-H coupling constant from 3-6 Hz. The RESOLV
command was used to calculate reasonable values for the resolution enhancement parameters
for RE and AF. The Figure 37a was recorded from the STDPAR file whereas the figures
37b-e were obtained by using of coupling constants with 6, 5, 4 and 3 Mhz on the DEPT
sequence. The DEPT experiment with J=6 Mhz clearly had a better signal-to-noise than
others. Higher coupling constant (> 6 Mhz) did not show further improvement of 31P signals.
3IP NMR can provide important structural and dynamic information on nucleic acids
when proton NMR has difficulties involved in assigning some protons. For example, in 2D
NMR experiment, one of cross peaks linking H-4’ and the two C-5’(H-5’ and H-5") protons
overlaps with the H-5’ and H-5" cross peaks, and the other H-4’-C-5’ proton cross peak is too
close to the diagonal to observe. The use of *H-3IP heteronuclear chemical shift correlation
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Figure 37. A series of 3IP spectra of 5’-GTGCACT-3’ in D,0. (a), under the STDPAR file,
(b)-(e) under four different values of JP.H (average P-H coupling constant, 6, 5, 4 and 3 MHz,
respectively) on the DEPT experiment. AH spectra were run at 20°C. The RESOLV
command was used to calculate reasonable values for the resolution enhancement parameters
for RE and AF.
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experiment gives unambiguous assignments of the 3IP resonances and also permits
identification of the C-4’ and C-5’ sugar protons.136 The ,H-31P heteronuclear chemical
shift correlation experiment will be our future studies for correlation of *H and 3IP chemical
shifts for oligonucleotides.

V.D.) PULSE SEQUENCES

V.D.l.) NOEDIF

The ability to measure Nuclear Overhauser Effects (NOE), which enhance signal
intensities, has existed for many years. In the early 1960s it was shown in a double
resonance experiment that the irradiation of proton A may lead to up to a 50% enhancement
of the signal intensity of another proton B. The most important condition for such an
observation is that nucleus B be greatly relaxed by the dipolar mechanism.137 It is also
important that the ability of the irradiated nucleus A to influence the population difference of
the transitions of nucleus B decreases with the inverse of the sixth power of the distance
between both nuclei. Thus, the appearance of NOE signal enhancements provides information
about the spatial proximity of nuclei in a molecule regardless of the number of bonds between
them. It can be described by the following equation:
n

La*

= Ya / 2 yB

Where T) refers to NOE, ImiU is the maximal intensity and yA and yB are the
magnetogyric ratios of decoupled and observed nuclei, respectively. If both nuclei are
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protons and the maximal intensity gain is 50%, the signal may become 1.5 times as large.
In the early 1980s, the NOE difference technique was used to subtract free induction
decay (FIDs) obtained with pulse Fourier Transform (FT) spectrometers, both with or without
double resonance irradiation. These difference spectra contain signals only of such nuclei
which suffer from NOE-induced intensity changes; all others are cancelled. Thus, even very
small intensity differences can be reliably monitored, and there is no overlapping of
uninvolved signals. Some intensities of peaks may be negative when the observed and the
irradiated nuclei have a significant common coupling - for example, diastereotopic protons
within a methylene group or vicinal antiperiplanar protons. To obtain the magnitudes of
intemuclear distances within a molecule, it is easy to extract relative intensity values (in
percentages) from the computer-stored spectrum.

V.D.l.a.) USING THE NOEDIF PULSE SEQUENCE
The application of the NOEDIF was examined here using 2’-deoxythymidine (0.1 M)
in D20 . The following procedure used the NOEDIF experiment on the Gemini 300:
1. Tune and run the proton spectrum in the usual way;
2. Use or create the NOEDIF pulse sequence to set up the experiment;
3. Display the proton spectrum and select the peak or multiplet to be irradiated in the NOE
difference experiment. The peak or multiplet is irradiated by cycling through several
individual decoupling frequencies (F1-F5). For example, if the desired peak is singlet, the
frequencies FI- F3 are setuped at the peak and halfway up the peak on the left and right
sides, respectively;
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4. Set up the appropriate parameters, such as SS=4, DM=YNN, TAU=0.1, CTRL=N and
Dl<=6. D1 can be determined by running a fast NOEDIF. After the quick acquisition, if the
value of the TAU is reset by the system, reduce D1 by 1 second and restart the experiment
until the computer does not reset the value for TAU;
5. Calibrate the decoupler high power control (DHP) to give a value of decoupling field
strength. First, set CTRL to Y so that the decoupler is not cycled and alternate FIDs are not
substracted. The resulting spectrum is the normal proton spectrum. Secondly, a peak with a
reasonably strong single line at least 100 Hz from any neighboring lines is selected. Two
cursors are set: One on the peak and another 30 Hz away from the peak on the high field
side. The DM is set to Y. Finally, the appropriate value for the DHP is calibrated. For
example, when the peak first becomes a triplet, the decoupler field yH2 is high enough for
NOE difference;
6. Reset the appropriate parameters for the NOEDIF experiment, such as DM=YNN,
CTRL=N, BS=N, NT=256-1024;
7. Run the NOEDIF experiment.

V.D.l.b.) RESULTS AND DISCUSSION
The NOEDIF spectrum of 2’-deoxythymidine in D20 is shown in Figure 38.
Irradiation of the H-4’ sugar proton afforded significant intensity enhancements for the H-5
sugar methylene protons. The observed NOE effect is due to the fact that the H4’ proton is
spatially close to the H-5’ protons but not the H-3’ sugar proton (see insert of Figure 38).
This experiment, requiring only a few minutes of spectrometer time, gives very valuable
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Figure 38. NOEDIF spectrum of 2’-deoxythymidine in D,0. (a). The ‘H NMR spectrum, (b).
the NOEDIF spectrum by irradiation of the H-4’ sugar proton (indicated by ">1"). The
enhanced intensity of the H-5’ and H-5" is due to the NOE effect. Inserted figure is the
structure of 2’-deoxythymidine. Note that the H-3’ is not spatially proximal to the H-4’ sugar
proton.
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information.
During the NOEDIF experiment, the computer will cycle the decoupler and the
alternate FIDs will be subtracted. Therefore, do not apply the weighting function and Fourier
transform the FIDs, nor attempt to stop and restart acquisition, until the NOEDIF experiment
is done. Since the NOEDIF experiment measures small differences between large signals, the
number of repetitions of the pulse sequence should be large enough to build up good signalto-noise, and should also be large enough to statistically average unavoidable perturbations of
the field or frequency. A value of NT between 256 and 1024 is suggested. In addition, some
considerations for poor cancellation in the NOEDIF experiment include the noise in the lock
channel, perturbing effects such as building vibrations, magnetic noise, strong air currents, or
temperature variation.

V.D.2.) WATER SUPPRESSION EXPERIMENT
The importance of modern NMR techniques in biochemistry is accelerating rapidly
because of its capability to study samples dissolved in 90% H20, such as observation of the
exchangeable amide resonances. These are critical experiments because the proton NMR
spectra of millimolar concentrations of biomolecules in 90% (around 55 M) H ,0 have the
large water resonance.
A number of approaches are available for suppression of the intense water resonance
in the NMR spectra of water soluble compounds. Most commonly one employs presaturation
of the water resonance using low-power irradiation via the decoupler channel prior to the
observation pulse.138 A disadvantage of presaturation of the large water resonance is that
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resonances of the exchangeable NH protons and signals near the water resonance are lost
because they are also saturated. Selective excitation with a null at the water resonance has
also been proposed for suppression of the water resonance.139,140 The simple 90°x - x 90°.x, so called 1-1 or jum p and return (see Appendix 1 for the pulse sequence) excitation
sequence, excites only the desired spectral regions and leaves the solvent magnetization
oriented along the static magnetic field direction (z axis). The drawbacks of the selective
excitation methods include the requirement of lengthy adjustment of experimental conditions
before satisfactory solvent suppression can be obtained, relative intensity distortions, and the
need for strong and possibly nonlinear phase correction of the resulting spectrum.
The pulse sequence called selective excitation, 90ox-i-90o.x-A-90o<,-2t-90°.<A-, was
examined (see Appendix 2 for the pulse sequence). The 90%-2x-90°.<l refocusing pulse was
combined with a 90ox-'t-90°.x excitation pulse. Subsequent phase cycling designed in the
pulse sequence provides an attenuation of the water signal. Water suppression by selective
excitation can be enhanced if two short homogeneity spoiling (homospoil) pulses of identical
length are used during the echo delays. The time A between the 90°((1-2t-90o.(|l refocusing
pulse and the 90°x- t-90° x excitation pulse should be kept very short ( « 1 ms). The
overwhelming drawback of the selective excitation methods is that they require lengthy
adjustment of experimental conditions before satisfactory water suppression can be obtained.
For example, fine adjustment of pulse lengths, phase shifts, delays, rf amplitude, transmitter
frequency, and spatial inhomogeneity of the static field (M0).
Binomial pulse sequences including 1-3-3-1 and 1-5-10-10-5-1 are found to be more
insensitive to the M0 inhomogeneity and small errors in the choice of transmitter frequency
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Appendix 1. Pulse sequence of 1-1 or Jump and Return experiment.
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"JUMP AND RETURN OR 1-1, WATER SUPPRESSION"
PROCEDURE PULSESEQUENCE;
VAR D3,D4: REAL;
BEGIN
GETVAL(D3,’D3 ’);
ADD(OPH,TWO,V3);
MOD4(V3,V4);
STATUS(A);
HSDELAY(D1);
STATUS(B);
RGPULSE(PW, V4.ROF1,0.0);
DELAY(D3);
RGPULSE(PW,OPH,0.0,ROF2);
STATUS(C);
END;
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Appendix 2. Selective Excitation pulse sequence.
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"SELECTIVE EXCITATION - WATER SUPPRESSION"
PROCEDURE PULSESEQUENCE;
VAR D3.D4: REAL;
BEGIN
GETVAL(D3,’D3 ’);
GETVAL(D4,’D4 ’);
HLV(CT,V1);
HLV(V1,V1);
ADD(TWO,Vl,V2);
ADD(CT,V1,V3);
ADD(CT,V2,V4);
MOD2(CT,OPH);
DBL(OPH,OPH);
ADD(OPH,Vl,OPH);
STATUS(A);
DELAY(D1);
STATUS(B);
RGPULSE(PW, V1,ROFl ,0.0);
DELAY(D3);
RGPULSE(PW,V2,0.0,0.0);
HSDELAY(D4);
RGPULSE(PW,V3,0.0,0.0);
DELAY(2.0*D3);
RGPULSE(PW,V4,0.0,ROF2);
STATUS(C);
HSDELAY(D4);
END;
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(see Appendix 3 for the pulse sequence). These pulse sequences have a null in its spectrum
centered at the water resonance and an excitation maximum. In the case of biomolecules, the
maximum is typically set to be centered on the exchangeable amide resonances. Binomial
pulse sequences also require smaller first order phase correction of resulting spectrum and
give wider bandwidth excitation. The basic sequence of the Bionomial experiment consists of
a symmetric phase alternating sequences. For example, 1-3-3-1 contains a%-x-3a%-2x-3a%x-a%.

V.D.2.a.) USING THE BINOMIAL PULSE SEQUENCE
In order to obtain better efficiency for water elimination, several factors influencing it
must be optimized. For example, good lineshape is important. If the shimming is inadequate,
there will be a residual off-resonance water signal anywhere from a few Hertz to a few ppm
away from the resonance position. A ID presaturation experiment serves as a guide to
shimming. If the lineshape is good, the water resonance can be fully saturated with relatively
low decoupler power. Temperature should always be regulated by VT. The 90% H,O/10%
D20 samples usually give a broad and noisy lock signal. Regulated temperature and higher
lock power can sharpen the lock and increase the signal-to-noise ratio. The investigation for
the Binomial sequence was done with the 2’-deoxythymidine (20 mM) in D20:H 20 (10:90).

V.D.2.b.) RESULTS AND DISCUSSION
The lH NMR spectra of 2-deoxythymidine in D20:H 20 (10:90) is shown in Figure 39.
It gives excellent water suppression but strongly attenuates the intensities of the resonances
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Appendix 3. Binomial pulse sequence.
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"BINOMIAL - BINOMIAL WATER SUPPRESSION"
PROCEDURE PULSESEQUENCE;
VAR P2,P3,P4,OFFSET,D2,SEQ: REAL; ISEQ: INTEGER;
BEGIN
GETVAL(OFFSET, ’OFFSET’);
IF OFFSET o 0.0 THEN D2:=ABS(0.5/OFFSET);
PUTVAL(D2,’D2 ’); GETVAL(SEQ,’SEQ ’);
ISEQ:=TRUNC(SEQ+0.5); GETVAL(P2,’P2 ’);
GETVAL(P3,’P3 ’); GETVAL(P4,’P4 ’);
IF ISEQ=11 THEN BEGIN IF P2=0.0 THEN P2:=P1 END
ELSE IF (P3=0.0) AND (P4=0.0) THEN BEGIN P3;=P2;P4:=P1
END
END
ELSE IF ISEQ=1510 THEN
BEGIN
IF P2=0.0 THEN BEGIN P2:=5.0*P1;P3:=10.0*P1;P4:=P3
END
ELSE IF (P3=0.0) AND (P4=0.0) THEN BEGIN
P3:=10.0*P1; P4:=P3 END
END;
IF OFFSET >0.0 THEN ADD(OPH,TWO,Vl) ELSE ADD(OPH,ZERO,Vl);
D2:=D2-2.0*ROF1;
STATUS(A);
HSDELAY(D1);
STATUS(B);
RGPULSE(P1,OPH,ROF1,0.0);
DELAY(D2-P 1/2.0-P2/2.0);
RGPULSE(P2,V 1,R0F1,0.0);
IF ISEQ>11 THEN
BEGIN
DELAY(D2-P2/2.0-P3/2.0);
RGPULSE(P3,OPH,ROF1,0.0);
DELAY(D2-P3/2.0- P4/2.0);
RGPULSE(P4,V LROF1,0.0);
END
IF ISEQ>1331 THEN
BEGIN
DELAY (D2-P4/2.0-P2/2.0);
RGPULS E(P2,OPH,ROF 1,0.0);
DELAY(D2-P2/2.0-Pl/2.0);
RGPULSE(P1,V 1,R0F1 ,ROF2);
END
STATUS (C);

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 39. 'H NMR spectrum of 2’-deoxy thymidine in D20:H 20 (10:90) by using the
binomial pulse sequence. An absolute value (AV) mode display was used. Proton
assignments are shown in Figure 38.
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near the null, so that the intensities of the aromatic and amino resonances between 6.5 and
9.0 ppm are about half or less as intense as normal. These pulse sequences result in
asymmetric spectra which generally have severe baseline distortions.
Theoretically, water suppression of an oligonucleotide sample in D,0:H20 (10:90) can
be better achieved by using either the binomial or the selective excitation on 300 MHz NMR
spectrometer. Both sequences require the homospoil coil to work on water suppression with
high efficiency. However, the Gemini 300 spectrometer is not commercially equipped with
the homospoil coil so that the water suppression experiment on the Gemini 300 is more
difficult.

V.D.3.) COSY AND ITS VARIATIONS
The power of 2D NMR lies in its ability to resolve overlapping spectral lines, to
enhance sensitivity, and to provide information not available by ID methods. In addition, 2D
NMR has made it feasible to measure internuclear distances and scalar coupling constants in
molecules that are too complex for a ID approach.
One of the most important 2D techniques is Homonuclear Correlation Spectroscopy
(COSY) and its variations, the spectra of which display 'H chemical shifts in both dimension.
COSY spectra are obtained by a series of individual measurements that differ from each other
by an incrementally changed delay (t,) between two 90° pulse.141 Therefore, interferograms
are obtained in the time domain t, (free induction decays or FIDs) and are differently
modulated because of the variable t, time. In a first step, the FIDs are Fourier transformed
(as in usual in ID NMR spectroscopy) to create spectra in the frequency domain F2. A
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second Fourier transformation in the t, direction provides the second frequency dimension (F,)
of the 2D NMR spectra.
COSY spectra are symmetrical with respect to the diagonal since both frequency
domains contain the same *H chemical shift information. Symmetrization of the 2D data
matrix facilitates interpretation of the spectra and leads to an improvement in the signal/noise
ratio by a factor of V2. Two basically different types of signals appear in COSY spectra,
those on the diagonal (diagonal peaks) represent the original spectrum, as obtained in a ID
experiment, and the off-diagonal signals (the so-called cross peaks), which prove the existence
of scalar (through bond) couplings between nuclei.
Exclusive Correlation Spectroscopy (E.COSY) simplifies cross-peak multiplets in
complex 2D correlated spectra and facilitates the measurement and assignment of scalar J
coupling constants in complex spin systems. The simplification is achieved by restricting
coherence transfer processes to take place exclusively between transitions connected in the
energy diagram. E.COSY requires a weighted combination of experimental data obtained by
several phase-shifted pulse sequences.
If the signals of coupling partners are close to each other or they have very similar
chemical shifts, the corresponding cross peak is located very near to the diagonal and may be
obscured by overlap of the diagonal peaks. In such cases, variants and improvements of the
COSY pulse sequence called Phase Exclusive Correlation Spectroscopy (P.E.COSY) have
been developed to alleviate the situation.14"143
Like E.COSY, P.E.COSY provides simplified cross-peak patterns in COSY spectra by
restricting coherence transfer between spins to connected transitions (See Appendix 4 for the
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Appendix 4. Phase Exclusive Correlation Spectroscopy (PECOSY) pulse sequence.
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"PECOSY - PHASE EXCLUSIVE COSY
PW
PI
D1
D2

USING 35 DEGREE MIXING PULSE
USING 90 DEGREE PULSE
1-3 TIMES T1
SUGGESTED 20-80 pSEC "

PROCEDURE PULSESEQUENCE:
VAR PHASE: REAL; IPHASE: INTEGER;
BEGIN
GETVAL(PHASE,’PHASE ’);
IPHASE:=TRUNC(PHASE+0.5);
"CALCULATE PHASES"
HLV(CT,V1);
"Vl=00112233"
M0D2(V1,V2);
"V2=00110011"
HLV(V1,V1);
"Vl=0000111122223333"
HLV(V1,V3);
"V3=0000000011111111"
MOD2(V3,V3);
"V3=0000000011111111"
M0D2(V1,V1);
"Vl=0000111100001111"
DBL(V1,V1);
"VI =0000222200002222"
ADD(V1,V3,V1); "Vl=0000222211113333"
DBL(V2,V2);
"V2=00220022"
ADD(V2,V3,V2);
"V2=0022002211331133"
MOD2(CT,V3);
"V3=01010101"
DBL(V3,V4);
"V4=02020202"
IF IPHASE=2 THEN INCR(V2);
MOD4(V2,V2);
M0D4(V1,V1);
ADD(Vl,V4,OPH);
MOD4(OPH,OPH); "OPH=0202020213133131"
STATUS(A);
DELAY(D1);
STATUS(B);
RGPULSE(P 1,V 1,ROFl ,0.0);
DELAY(D2);
STATUS(C);
IFZERO(l,V3); RGPULSE(PW,V2,ROFl,ROF2);
ELSENZ(1);
DELAY(PW+ROF2);
ENDIF(l);

END;
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pulse sequence). For example, only spins that exchange coherence flip, whereas all other
coupled spins remain unchanged during the mixing period. The disadvantage of E.COSY lies
in the complexity of the data acquisition process, which requires the proper linear
combination of several phase-shifted data sets. This increases the minimum acquisition time
and hence the susceptibility to lone-term instabilities in the spectrometer.
A reference 2D matrix recorded without the mixing pulse present is subtracted from a
matrix recorded with the small flip-angle mixing pulse. The residual diagonal signal in the
difference spectrum thus loses its dispersive character when cross peaks are phased to be
purely absorptive. Therefore, P.E.COSY generates exact phase purging of diagonal peaks for
uncoupled spins only.

V.D.4.) HETERONUCLEAR MULTIPLE QUANTUM COHERENCE (HMQC)

Heteronuclear Multiple Quantum Coherence (HMQC), also known as the Indirect
Detection Experiment, has become extremely popular in recent years. The experiment
generates correlations between heteronuclei while detecting high-sensitivity protons, which
differs from the more traditional Heteronuclear Correlation Spectroscopy (HETCOR) that
detects the low-sensitivity heteronucleus (for example, l3C, I5N) or 3IP. Similar to the COSY
experiment, ’H signals are Fourier transformed in the F, dimension whereas the other nucleus
signals are in the F2.
The broadband "switchable" probe of the Gemini 300 has a ‘H coil and an X-nucleus
coil that can satisfy the needs for HMQC experiment. In a broadband system, the observe
channel is broadbanded but the decoupler channel generates only ‘H frequencies. However,

- 149 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

the HMQC experiment must operate in a reverse configuration, in which the observe channel
(controlled by the transmitter nucleus parameter) generates the X-nucleus decoupling
frequency, while the decoupler channel (controlled by the decoupler nucleus frequency)
generates the ‘H frequency. The Gemini switchable probe is designed to allow the users to
switch between lH observation and X-nucleus observation without changing the cabling.
The essence of the HMQC experiment is the cancellation or elimination of the signals
from protons attached to X-nucleus such as 12C, leaving only signals from protons attached to
13C contributing to a I3C-‘H chemical shift correlation spectrum. The pulse sequence of the
HMQC experiment (see Appendix 5 for the pulse sequence) can be reduced to a heteronuclear
spin-echo difference experiment as shown below:
S 90°x - A - 180°x - A -

II

I ------9 0 °^ ---------90°x —
The proton part (S) of this sequence consists of a simple spin-echo experiment with
the phase of the receiver alternated from scan to scan. For protons attached to l2C (assuming
I=13C), for which the lH pulses are the only relevant pulses, the signal remains constant in
phase from scan to scan - the alternation of the receiver causes these signals to cancel protons
attached to 13C. On the first scan, the l3C nuclei experience a 180° pulse (90°x + 90°x)
simultaneously with the 'H 180°. Because this occurs at a time equal to 1/2JXH, the signal
that results from this scan refocuses on the +Y axis. On the second scan, the l3C nuclei
effectively experience no pulse at all (90°x + 90°.x) so the protons refocus on the -Y axis, but
the receiver is now inverted so the net signal is positive. Thus, the protons attached to l3C
have produced a positive signal on both scans, and so the signal from these protons time-
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Appendix 5. Pulse sequence of Heteronuclear Mutiple Quantum Coherence (HMQC).
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"HMQC - HETERONUCLEAR MULTIPLE-QUANTUM COHERENCE
PARAMETER:
DN, DO
PW
TN, TO
PWX
J
NULL
NT
PHASE

USED TO SET 1H (OBSERVE) FREQUENCY
90 DEGREE PULSE FOR PROTONS
USED TO SET X-NUCLEUS FREQUENCY
90 DEGREE PULSE FOR X-NUCLEUS
X-H COUPLING CONSTANT
NULLING TIME FOR 1H NOT ATTACHED TO X
(IF 0, NULLING SECTION IS OMITTED)
2N REQUIRED; 8N FOR BEST RESULTS
1,2 FOR HYPERCOMPLEX EXPERIMENTS"

PROCEDURE PULSESEQUENCE;
VAR DELTA, PWX, J, NULL, PHASE, SW2: REAL;
INCREMENT, SSSAP: INTEGER;
BEGIN
GETVAL(NULL, ’NULL ’); GETVAL(J, ’J
’);
GETVAL(PWX, ’PWX ’); GETVAL(PHASE, ’PHASE ’);
IF (J > 0.0) THEN
DELTA:= 1.0/(2.0*J) ELSE DELTA:= 0.0;
DMSEQ[A]:= ’N’; DMSEQ[B]:= ’N’;
DMMTYP:= ’CCC ’;
"FORCES DM, DMM VALUES"
SS$AP:= BSCTSAP + 1;
IF IX=1 THEN INITVAL(SSR + 4.0, SSSAP) ELSE
INITVAL(SSR, SSSAP);
HLV(CT,V1); MOD4(Vl,Vl);
"00112233 = X"
ADD(Vl,ONE,V9);
"FOR COMPOSITE 180"
ADD(TWO,Vl,V2); MOD4(V2,V2);
"-X"
MOD2(CT,V3); DBL(V3,V3);
ADD(V3,V1,V3);
"02+X"
ASSIGN(V3,OPH);
GETVAL(SW2, ’SW2 ’);
INCREMENT- TRUNC(D2*SW2 + 0.5);
IF (PHAS E> 1.5) THEN
BEGIN
INCR(V3);
"13+X"
INCR(OPH);
END;
INITVAL(2.0*CONV(INCREMENT MOD 2),V8);
ADD(OPH,V8,OPH);
"ALTERNATE RECEIVER PHASE
ADD(V3,V8,V3);
"ALTERNATE PRE-EVOLUTION
PHASE"
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IFZER0(1,CT); INDIRECT; ENDIF;
STATUS(A); DECLVLON;
DECPHASE(V1); TXPHASE(V1);
HSDELAY(D1);
STATUS(B);
IF (NULL o 0.0) THEN
BEGIN
"APPLY BIRD PULSE"
DECRGPULS E(PW, V1,R0F 1,R 0F1);
DELAY(DELTA);
RGPULSE(PWX,V1,R0F1,R0F1);
SIMPULSE(8.0*PWX/3.0,2.0*PW, V9, VI ,R0F1 ,R0F1);
DECPHASE(V2);
RGPULSE(PWX, V1,R0F1,R0F1);
DELAY(DELTA);
DECRGPULS E(PW, V2,R0F 1,R0F 1);
DECPHASE(V1);
HSDELAY(NULL);
END;
DECRGPULSE(PW, V1,R0F 1,R0F 1);
TXPHASE(V3); DELAY(DELTA);
RGPULSE(PWX,V3,R0F1,R0F1);
TXPHASE(V1); DELAY(D2/2.0);
DECRGPULSE(2.0*PW, V1,R0F 1,R0F 1);
DELAY (D2/2.0);
RGPULSE(PWX,V 1,R0F1 ,R0F2);
DECLVLOFF; DECPHASE(ZERO);
TXPHAS E(ZERO); DELAY(DELTA);
END;
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averages at the same time that the signals from the 12C-bound protons cancel out To create a
2D experiment with information about heteronuclear chemical shifts, an evolution time is
introduced that occurs between the two X-nucleus 90° pulses. With this pulse sequence,
protons attached to 12C show no different behavior and are still cancelled after two scans. For
the ,3C nuclei, however, whether they experience a 180° pulse, a 0° pulse, or something in
between, depends on the time between the two 90° pulses and their rate of precession during
that time, i.e, their chemical shift. Therefore, this experiment produces a modulation of the
intensity of the 13C-bound protons, and the Fourier transform of that modulation yields the
chemical shift of the l3C bound to that proton. In this way we detect 13C chemical shifts with
the intensity of protons, and simultaneously we obtain a correlation of the l3C and 'H
chemical shifts. Appropriate variations of the experiment produce long-range coupling
information.
HMQC experiments, because they involve cancellation of non-l3C-bound protons that
are two orders of magnitude more intense (assuming unlabeled compounds), are critically
dependent on cancellation efficiency. Cancellation efficiency, in turn, depends on two things:
the fundamental stability of the Gemini’s Radio-Frequency (rf), and the reproducibility of
anything else that can affect the signal. A number of operating conditions can influence the
quality of any cancellation experiment. For example, (i) Interference between X-nucleus
decoupling or even X-nucleus pulses can affect the lock and cause field instabilities and limit
the ability to perform cancellation experiment. Use of a 2H band-pass filter in the lock line
and of an X-nucleus band-pass filter in the X-decouple line can improve the limitation; (ii)
Since X-nucleus decoupling is required in HMQC experiments, large amounts of decoupling
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power to the system are applied that cause significant heating. The heating produces worse
cancellation efficiency. For example, shimming will change and all peaks will also be affected
because the frequency of peaks in the spectrum and that of the lock resonance are
temperature-sensitive to some degree. Use of VT regulation will assure the system in thermal
equilibrium, (iii) Use of the highest possible lock power, lengthened pulses, steady-state
pulses, non-spinning status, and a moderate flow of air through the probe will also increase
the quality of cancellation efficiency.

V.D.4.a.) USING THE HMQC PULSE SEQUENCE

On the Gemini 300 spectrometer, no further recabling for HMQC is required because
its computer-controlled switching will switch automatically between normal and reverse
modes. As mentioned above, the installations of a 2H band-pass filter in the lock channel line
and an X-nucleus band-pass filter in the X-decouple line can improve the cancellation
efficiency. The investigation for the HMQC sequence was done with the standard sample, the
13C labeled Menthol (30%) in CDC13, and the instuctions are as follows:
1. Tune the probe for both the ‘H and 13C channels;
2. Setup the proper experiment for 'H, such as type "SETUP(H,CDCL3)";
3. Use the pulse sequence "D2PUL" to obtain a normal lH spectrum. This is accomplished
by typing ”SEQFIL(D2PUL) TN=13 DN=1 GA". After a proton spectrum was observed, use
the "MOVESW" command to narrow the spectral width to include only the region containing
the peaks of interest.
4. Calibrate the proton pulse width, "PW", in the usual way. The absolute intensity (AI) mode
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must be used;
5. Setup the HMQC experiment. The following commands can be setup as a macro in the
MACLIB or simply entered from the keyboard as follows: "SEQFIL(HMQC) PAR2D
CRTPUL(PWX) CRTINT(PHASE) CRTFRQ(J) CRTDLY(NULL)";
6. Verify all parameters. The PW, SW, SP, WP, RFL, RFP and DO were set for ‘H whereas
the SW2, SP2, WP2, RFL2, RFP2 and TO were set for l3C. J and "DM" were set to 140 and
NNN, respectively. Better results were obtained in the HMQC experiment with the spinner
turned off;
7. Calibrate the carbon pulse width for the "PWX" in the usual way. The proper "PWX"
could be obtained by using PHASE=1, NI=1, NT=1, SS=0 and an array of values for PWX;
8. Calibrate the NULL for better cancellation of the signals from protons attached to l2C. The
proper "NULL" could be obtained by using PHASE=1, NI=1, NT=4, SS=4, PWX=0° and an
array of values for NULL. The proper value for NULL was selected from the spectra which
showed no signal;
9. The instrument was ready to run the HMQC. The value for AT was typically based on the
following equation: D1 + AT + NULL = 2-2.5 second.

V.D.4.b.) RESULTS AND DISCUSSION
The HMQC spectrum of the l3C-labeIed Menthol (30%) in CDCI, is shown in Figure
40. The ‘H spectral width is 1150 Hz whereas the |3C spectral width is 5050 Hz. This
experiment required only 64 increments in t, because the 13C-enriched sample was used. The
spectrum resulted from phase-sensitive Fourier transformation of a 2 x 256 x 512 matrix of
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Figure 40. The HMQC spectrum of the 13C-enriched Menthol (30%) in CDC13. The standard
proton and carbon spectra are shown along the horizonal and vertical axes, respectively. The
correlations indicate one-bond connections. Note that the decoupler was not used. The
structure and the numbering of menthol is shown in the insert figure.
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complex points. An absolute value mode display was used. Like Heteronuclear Correlation
Spectroscopy (HETCOR), the HMQC is used to assign the the one-bond correlation of
protons and carbons but with high sensitivity. Figure 40 demonstrates the capability of the
Gemini 300 of assignment of the correlation of each proton with its directly bound carbon.
Nonetheless, to enhance the cancellation efficiency on non-,3C-bound protons, it is necessary
to use the band-pass filters and the VT regulation.
In summary, the Gemini 300 spectrometer provides a powerful tool for elucidation of
molecular structures and dynamic interactions as well. The techniques include the
assignments of individual protons by COSY, assignments of 13C resonances through their
correlation with attached 'H signals by HMQC, hydrogen-exchange pulse labeling of
exchangeable imino protons by 2H NMR, water (H,I70)-bound in folded protein by I70 NMR,
or assignments of the back-bone structures of DNA by 3lP NMR. A common problem
encountered when studying biomolecular compounds in NMR is excessive overlap in the
proton spectrum. Under this circumstance, all other experiments offered by the Gemini 300
can be specifically used.
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